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This study presents an experimental investigation on durability of fiber-reinforced 
polymer (FRP) confined concrete cylinders subjected to various environmental 
conditions. Two types of cylinders were tested in this experiment: concrete-filled FRP 
tube (CFFT) and hollow-core FRP-concrete-steel (HC-FCS), with FRP tubes having two 
different constitutive resin components: polyester and epoxy. The specimens were 
subjected to three different environmental conditions: combined freeze/thaw, wet/dry and 
heating/cooling cycles with options of continuous water immersion and sustained axial 
load in an environmental chamber, UV exposure in an UV chamber, and seawater 
immersion in water tanks with sustained axial load. Mechanical and material 
characterization tests were conducted on the conditioned specimens to evaluate any 
degradation due to conditioning. Results of environmental chamber experiment showed 
both polyester-based CFFT and HC-FCS were slightly degraded in strength, but 
significantly degraded in strain capacity. Epoxy-based CFFT cylinders, however, were 
barely affected by the environmental conditions in both strength and strain capacities. 
Additional continuous water immersion and sustained axial load caused further 
deterioration on both strength and strain of cylinders. On the other hand, both polyester-
based CFFT and HC-FCS cylinders after seawater immersion demonstrated continuous 
degradation on both strength and axial strain capacities as the immersion time and 
ambient temperature increased. The polyester-based CFFT and HC-FCS bridge columns 
built in marine environment with annual seawater temperature of 55ᵒF were estimated to 
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1.1. RESEARCH OVERVIEW 
The U.S. Federal Highway Administration (FHWA) reported in 2017 that nearly 
54560 of total 615,002 bridges nationwide, which is almost one in 11 (8.9%) bridges, 
were designated as structurally deficient and required significant maintenance, 
rehabilitation or replacement due to the deterioration or damage of the critical load-
carrying elements. The total cost of repairing those bridges was estimated to be $32 
billion. The deterioration of most structurally deficient bridges was caused by long-term 
exposure to harsh weather and aggressive environmental conditions. Durability becomes 
a dominant factor affecting the serviceability of the bridge when the bridge becomes old. 
Most bridges were designed for a lifetime of 50 years, but four in 10 (39%) bridges are 
over 50-year old in the U.S. 
One option to improve the durability and extend the service life of the bridges is 
to incorporate fiber-reinforced polymer (FRP) to the conventional bridge components, 
and one of the most effective applications is the FRP confined concrete column. FRP has 
gained increasing popularity in infrastructure construction during the past few decades 
due to its high strength-to-mass ratio, ease of handling, and more importantly, the 
relatively good corrosion resistance (Hollaway 2010). The externally bonded FRP not 
only improves strength and deformation capacities of the conventional concrete column, 
but also protects the concrete from direct contact with the outside aggressive environment.  
However, the extensive application of this new type of columns is still hindered 
since the rigorous durability evaluation of the FRP used in civil engineering has not been 




automotive industries for several decades showing excellent durability, there are critical 
differences in type of materials, curing methods, loading and service environment 
between civil engineering and those three industries applications (Karbhari 2003). 
Considering the high initial cost, the FRP confined concrete column can only be widely 
used should its durability can be justified.  
1.2. OBJECTIVE AND SCOPE OF WORK 
The primary objective of the research was to experimentally investigate the long-
term durability of FRP confined concrete columns subjected to various environmental 
conditions while under sustained axial load. Environmental reduction factors were 
proposed for the bridge columns based on different service environment and service life, 
and those factors were compared with what has been provided from ACI 440.2R standard. 
The following scope of work were performed in order to achieve the goals: (1) 
review related literatures; (2) develop and fabricate FRP confined concrete specimens; (3) 
design and fabricate experimental set-ups to accommodate long-term durability 
conditioning; (4) apply various environmental conditions on specimens separately for a 
certain long time period; (5) examine the properties of the conditioned specimens by 
conducting both mechanical and material characterization tests; (6) summarize findings 
and develop conclusions and recommendations; (7) prepare this dissertation in order to 
document the information obtained during this study. 
Two types of FRP confined concrete columns were evaluated in this research: 
concrete-filled FRP tube (CFFT) and hollow-core FRP-concrete-steel (HC-FCS). CFFTs 
were further categorized into specimens using polyester-based FRP tubes and specimens 




FRP tubes, as shown in Fig. 1. Two main simulated environmental conditions were 
examined: (1) combined freeze/thaw, wet/dry, heating/cooling cycles with the option of 
continuous water immersion in the environmental chamber, and (2) seawater immersion 
in the tank. 
 
 
                  
                          (a)                                       (b)                                       (c) 
Figure 2.1. CFFT (a) polyester-based; (b) epoxy-based, and (c) polyester-based HC-FCS 
 
 
1.3. DISSERTATION OUTLINE 
This dissertation contains three sections and one appendix. Section 1 includes a 
brief background introduction, research significance, objective and scope of work, as well 
as a detailed literature review establishing the state-of-the-art. Section 2 includes five 
journal papers that present experimental investigation of CFFT and HC-FCS cylinders 




environmental reduction factors. Section 3 summarizes all the experiment work done in 
this study, all the key finds and conclusions, as well as a proposal for future research. The 




2. LITERATURE REVIEW 
The purpose of this task is to conduct a comprehensive literature review of 
previous studies related to environmental effects on each component of FRP, 
environmental effects on FRP and FRP confined concrete cylinders. 
2.1. ENVIRONMENTAL EFFECTS ON EACH COMPONENT OF FRP 
Glass fiber is commonly used as a fiber component in FRP composite due to its 
high strength-to-cost ratio. Bare glass fibers are susceptible to water and high alkalinity 
environment through leaching and hydrolysis mechanisms (Chen et al. 2007; Zaman et al. 
2013). Hydration products from cement pore can deposit on the surfaces of fibers, 
causing hydroxylic attack by transporting calcium ions (Ca
2+
) to the surfaces of fibers 
and gradually leaching silica ions (Si
4+
) from fibers, resulting in surface pitting and 
molecule weight loss (Karbhari et al. 2002; Robert and Benmokrane 2013). Aramid fibers 
are particularly susceptible to moisture absorption while carbon fibers are known to be 
inert to chemical solutions and do not absorb water (Chen et al. 2007). 
The three primary resins used to fabricate FRP composite are epoxy, polyester 
and vinylester. Absorbed moisture could plasticize the resin leading to reduced modulus 
and glass transition temperature (Tg) of the resin (Bank et al. 1995; De'Nève and 
Shanahan 1993). The performance of FRP will be dramatically weaken if the ambient 
temperature exceeds the Tg of the resin (ACI 2007).  
Besides the plasticization, each of the three resins would be affected by moisture 
in a different way. Ester group, which is the weakest bond in polyester resin, can be 




mechanical properties degradation, especially at the presence of acid or alkali (Chen et al. 
2007). Hydroxyl ions are less aggressive to vinylester since it contains much fewer ester 
groups, and those ester linkages are also shielded by methyl functional groups, which are 
inert to water (Chin et al. 1999). Epoxy is not affected by hydrolysis due to the absence 
of ester group in its molecular structure; however, epoxy can absorb up to 7% moisture 
by weight due to its high concentration of hydrophilic hydroxyl groups (Soles and Yee 
2000). While the degradation attributed to matrix plasticization is considered recoverable 
upon drying to its original moisture condition, hydrolysis reaction causes unrecoverable 
damage to the FRP (Ferguson and Qu 2006).  
Temperature is another parameter that affects the properties of the resins. Large 
differences in coefficients of thermal expansion (CTEs) and stiffness between fibers and 
resin can induce residual stresses in the matrix phase upon ambient temperature changes. 
These stresses cause micro-cracks in the resin matrix, through which addition moisture 
can penetrate and deteriorate the FRP under hydrothermal conditioning (Dutta 1988). 
High temperature exposure can decrease the modulus of the resin while sub-zero 
temperature lead to stiffer and brittle resin (Dutta and Hui 1996).  
The fiber/resin interphase is an inhomogeneous anisotropic region with a 
thickness of about one micrometer (Chen et al. 2007). It is the key part in FRP to transfer 
load between fibers and resin, and the quality of the fiber/resin interphase dominates the 
performance of the FRP. Chemical bonds, van der Waals forces, interdiffusion, residual 
stresses, and mechanical interlocking contribute to the fiber/resin interphase adherence 
(Le Duigou et al. 2013). Both moisture and temperature changes induce concentrated 




moisture sorption and CTEs between fibers and resin components. Resins typically 
expand more than fibers, exert residual stresses along the interphase region, and degrade 
the bond strength (Ray 2006; Zaman et al. 2013). The residual stresses on fibers can also 
cause stress corrosion on fibers (Schutte 1994). Besides, moisture can attack the 
fiber/resin interphase by hydrolysis, resulting in osmotic micro-cracks and interphase 
debonding (Athijayamani et al. 2009).  
2.2. ENVIRONMENTAL EFFECTS ON FRP AND FRP CONFINED CONCRETE 
CYLINDERS  
The influences of various environmental conditions to the FRP have been 
investigated before. Wet/dry cycles enlarge micro-cracks among the resin and along the 
fiber/resin interphase, and attract more moisture to further deteriorate the FRP. For 
example, Silva et al. (2014) reported that the tensile strengths of glass fiber reinforced 
polymer (GFRP) plates were reduced by up to 11% when it was subjected to 10,000 
hours of wet/dry cycles, each last 24 hours, in distilled water. Furthermore, dry 
freeze/thaw cycles did not significantly affect the mechanical properties of FRP rods, 
coupons, sheets and panels, while wet freeze/thaw cycles caused moderate degradation to 
them (Karbhari et al. 2000; Kshirsagar et al. 2000; Toutanji and El-Korchi 1999). Under 
wet freeze/thaw cycles, moisture absorbed by the resin expands in volume once being 
frozen, which results in initiation and propagation of micro-cracks in the resin. Dry heat 
or heating/cooling cycles were shown to cause insignificant damage to FRP wrapped 
concrete cylinders (El-Hacha et al. 2010). However, when subjected to continuous water 
immersion, the developed swelling strain on the FRP wraps due to moisture absorption 




strength for the FRP wrapped concrete cylinder (Kshirsagar et al. 2000). Moisture affects 
FRP more severely on strain than strength (McBagonluri et al. 2000). In addition, the 
diffusion rate is slower in saline solution compared to that in pure water, indicating the 
large salt molecule acted as the barrier and decelerates the permeation of the solution, 
thus results in less degradation over a certain time (Bank et al. 1995). 
No durability studies of the HC-FCS cylinders have been done before, and very 
limited researchers have investigated the various environmental effects on the CFFT 
cylinders. Fam et al. (2008) exposed CFFT cylinders to 300 freeze/thaw cycles within 68 
days while under sustained load corresponding to 30% of their ultimate confined strength. 
Test results showed that freeze/thaw cycles barely affect the compressive strength of 
CFFT cylinders. The sustained load slightly improved the strength of the CFFT cylinders 
with low-strength concrete having 28-day compressive strength of 21 MPa (3.1 ksi), due 
to the creep effect of the concrete core. However, this behavior did not happen to CFFT 
cylinders with medium-strength concrete having 28-day compressive strength of 41 MPa 
(5.9 ksi). El-Zefzafy et al. (2013) also conducted 300 freeze/thaw cycles within 338 days 
on CFFT cylinders but with salt solution immersion and without sustained loading. They 
observed that the wet freeze/thaw cycles had insignificant effect on the ultimate strength 
of the CFFT cylinders, but did degrade the axial and hoop strains of the cylinders by 
about 20%. Also, the failure modes of the cylinders became more brittle after freeze/thaw 
cycles. Boumarafi et. al (2015) subjected CFFT cylinders  to 200 freeze/thaw cycles 
within 167 days while immersing in air, pure water, salt solution or alkaline solution 
without sustained loading. It was observed that the largest reduction of compressive 




CFFT cylinders exposed to air were degraded by 10% in maximum strain while the other 
immersion mediums caused negligible effect on maximum strain. The initial stiffness of 
all the conditioned CFFT cylinders was about the same, with 7% to 9% reduction 
compared to control specimens. Robert and Fam (2012) submerged CFFT cylinders into 
salt solution at different elevated temperatures for up to 1 year, and tested the FRP rings 
cut from the outer FRP tube after certain time periods. Test results showed that the hoop 
tensile strength of the FRP rings reduced by 11% to 21% after one year immersion, with 





I. EFFECTS OF COMBINED ENVIRONMENTAL EXPOSURES AND AXIAL 
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ABSTRACT   
Concrete-filled fiber reinforced polymer tube (CFFT) column has demonstrated 
superior advantages on mechanical behavior and ease of construction during the past few 
decades. The fiber-reinforced polymer (FRP) tube not only improves the mechanical 
properties of the concrete core by confinement, but also provides a protection layer for 
the concrete against the outer corrosive environment. However, one obstacle hindering 
the greater acceptance of the FRP composite as conventional construction material in 
Civil Engineering application is the susceptibility of FRP to the complex severe 
environmental exposures. The purpose of this study is to investigate the durability of 
CFFT cylinders with glass fiber reinforced polymer (GFRP) tubes under exposure to the 
combined freeze/thaw, heating/cooling and wet/dry cycles. The effects of combined 




Compression test and hoop tensile test were carried out on both conditioned and 
controlled specimens. In addition, scanning electron microscopy (SEM) and differential-
scanning calorimetry (DSC) tests were used to characterize the aging effect on physical 
and thermal properties of FRP material. Test results showed more pronounced 
degradation occurred on the ultimate strain than on ultimate strength. The sustained load 
had negative effect on CFFT cylinders by creating more microcracks on the GFRP tube.  
     
1. INTRODUCTION 
Concrete-filled fiber-reinforced polymer (FRP) tube (CFFT) column is one of the 
emerging applications of FRP for bridge construction. Many researchers have 
investigated the mechanical performance of CFFTs [3-5]; however, limited studies have 
been done on the durability of CFFTs subjected to freeze/thaw, wet/dry, and 
heating/cooling cycles. This lack of knowledge still hinders the extensive application of 
CFFT. 
The fiber and resin used in FRP influence the durability of FRP. Glass fibers are 
susceptible to water and alkaline solution due to leaching and hydrolysis [6-8]. Aramid 
fibers are susceptible to moisture absorption while carbon fibers are known to be inert to 
chemical solutions and do not absorb water.  
The three primary resins used in FRP are epoxy, polyester and vinylester. 
Absorbed moisture could plasticize the resin leading to reduced modulus and glass 
transition temperature (Tg) [6, 9, 10]. The performance of FRP would be dramatically 




Besides the plasticization, each of those three resins would be affected by 
moisture in a different way. Hydroxyl ions from water can react with ester group through 
hydrolysis process, resulting in mass loss and mechanical properties degradation, 
especially in the presence of acid or alkali. Polyester is susceptible to hydrolysis as it contains 
large amount of ester groups. Hydroxyl ions are less aggressive to vinylester since it 
contains much fewer ester groups. Epoxy is not affected by hydrolysis due to the absence 
of ester group in its molecular structure; however, epoxy can absorb up to 7% moisture 
by weight due to its high concentration of hydrophilic hydroxyl groups [8, 11, 12]. While 
the degradation attributed to resin plasticization is considered recoverable upon drying to 
its original moisture condition, hydrolysis reaction causes unrecoverable damage to the 
resin [13, 14].  
Temperature is another parameter that affects the properties of resins. Long-term 
exposure to high temperature can decrease the modulus of the resin while sub-zero 
temperature exposure can makes the resin stiffer and brittle. Furthermore, changes in 
temperature during service life of FRP can induce residual stresses and micro cracks in 
the resin phase due to large differences in coefficients of thermal expansion (CTEs) and 
stiffness between fibers and resin. Additional moisture can penetrate through the formed 
micro-cracks and deteriorate the FRP under hydrothermal conditions [12, 15].  
The fiber/matrix interphase is an inhomogeneous anisotropic region with a 
thickness of about one micrometer [8]. It is a key part in FRP to transfer load between 
fibers and matrix; the quality of the fiber/matrix interphase greatly affects the 
performance of the entire FRP. Both moisture and temperature changes can induce 




fiber/matrix interphase by hydrolysis, resulting in osmotic micro-cracks and interphase 
debonding [16-18].  
While there has been several studies investigating durability of FRP rods, plates, 
and FRP wrapped concrete elements, very limited studies have been done on 
performance of CFFT cylinders subjected to harsh environmental conditions. Fam et al. 
[19] exposed CFFT cylinders to 300 freeze/thaw cycles over 68 days while under 
sustained load corresponding to 30% of their ultimate confined strength. Test results 
showed that freeze/thaw cycles barely affect the compressive strength of CFFT cylinders. 
The sustained load slightly improved the strength of the CFFT cylinders with low-
strength concrete having 28-day compressive strength of 21 MPa, due to the creep effect 
of the concrete core. However, this behavior did not happen to CFFT cylinders with 
medium-strength concrete having 28-day compressive strength of 41 MPa. El-Zefzafy et 
al. [20] also subjected CFFT cylinders to 300 freeze/thaw cycles, with salt solution 
immersion and without sustained loading, over 338 days. The wet freeze/thaw cycles had 
insignificant effect on the ultimate strength of the CFFT cylinders, but degraded the axial 
and hoop strains of the cylinders by about 20%. Also, the failure modes of the cylinders 
became more brittle after freeze/thaw cycles. Boumarafi et. al [21] subjected CFFT 
cylinders  to 200 freeze/thaw cycles over 167 days while immersing in air, pure water, 
salt solution or alkaline solution without sustained loading. The largest reduction of 
compressive strength was 9% and occurred on CFFT cylinders immersed in salt solution. 
The maximum strains of CFFT cylinders exposed to air were degraded by 10% while the 




stiffness of the conditioned CFFT cylinders displayed an average reduction of about 8% 
regardless of the conditioning conditions.  
 
2. RESEARCH SIGNIFICANCE 
The effect of combined freeze/thaw, wet/dry and heating/cooling cycles on CFFT 
cylinders while under sustained load has not been studied before. In addition, research on 
FRP made with polyester resin is another gap that has rarely been explored before. The 
cost for polyester resin is approximately 70% and 50% of those of vinylester and epoxy 
resins, respectively (U.S. Composites Inc.). The lower cost of the polyester resin can 
reduce the cost of FRP tube, making it more economically competitive should its long-
term durability can be justified. Furthermore, previous studies focused on CFFT made 
with conventional concrete. Recently, self-consolidating concrete (SCC) has gained 
increasing popularity in construction applications including CFFT. SCC has alkalinity 
higher than conventional concrete due to its higher cementitious content [22] which may 
raise a concern for FRP tubes in CFFT applications. Mechanical tests were performed for 
both control and conditioned specimens after the conditioning was finished. In addition, 
scanning electron microscopy (SEM) and differential-scanning calorimetry (DSC) tests 
were used to characterize the effect of environmental conditions on physical and thermal 








3. EXPERIMENTAL WORK 
3.1. MATERIAL 
Filament wound tubes manufactured using an isothalic polyester thermosetting 
resin and glass fiber were used during this research, with 167.6 mm in outside diameter, 
3.2 mm in thickness, and 305 mm or 229 mm in length. The winding angles of filaments 
were +53
°
 to the longitudinal direction. Table 1 reports the averaged properties of the 
tubes along longitudinal and hoop directions per ASTM D3039 [23] and ASTM D2290 
[24], respectively, using three replicate specimens for each test. Noted that the strength 
and modulus properties could be significantly underestimated based on those two test 
methods due to the edge effect of the angle ply laminates used in this study. 
Manufacturer’s data per ASTM D2105 [25] and ASTM D1599 [26] is also shown in 
Table 1 for comparison. The differences in the test results reported in this study and those 
reported by the manufacturer are due to the differences in the used testing standards. The 
data in Table 1 shows also nonlinear relationship between the stress and strain of the 
tubes due to the winding angle.  
SCC (Table 2) was used to cast all of the CFFT cylinders and 102 mm × 204 mm 
unconfined concrete cylinders. The average 28
th
 day compressive strength of three 
replicate concrete cylinders, following ASTM C39 [27], was 55 MPa. 
3.2. SPECIMEN PREPARATION 
All CFFT cylinders were divided into three different sets: unconditioned unloaded 
(UU), conditioned unloaded (CU), and conditioned loaded (CL). Each group had four 
CFFT specimens: three 305 mm long cylinders with the letter L referring to those 




The L, specimens were used to determine the strength and deformability of the CFFT 
after conditioning. Samples were obtained from the S cylinders, as explained later, to 
perform the SEM and DSC tests. Furthermore, the concrete cores of the S cylinders were 
carefully chiseled and removed to get the GFRP tubes separated and sliced into 25 mm 
high rings which were used to conduct tensile split-disk. The purpose of having concrete 
filling the S cylinders was to provide the alkaline solution that potentially attack and 
degrade the GFRP. The test matrix of all the tested specimens is displayed in Table 3 and 
the detailed introductions of each test are presented in the following chapters.  
In order to remove any unrelated moisture and temperature influence other than 
environmental conditions, all CFFT were cured in room temperature and covered with 
plastic cloth only. In addition, the top and bottom surfaces of the cylinders were grinded 
and coated with a thin layer of epoxy (Fig. 1), to ensure that moisture was diffused 
through the GFRP tubes only. At least three 102 mm × 204 mm unconfined concrete 
cylinders were prepared for each mixture and the cylinders went through the same 
environmental conditioning as the corresponding CFFT. The unconfined concrete 
strength and stiffness for each conditioning was obtained by testing the cylinders at the 
day of testing the corresponding CFFTs.   
3.3. SUSTAINED L OAD APPLICATION 
Three L-type and one S-type CL specimens were placed in series and sandwiched 
between triangular steel plates with three post-tensioned Dywidag bars (Fig. 2) to apply 
the required axial force. A hydraulic jack was used to apply the load and the load was 
monitored by a load cell. The target sustained load was 156 kN corresponding to 10% of 




[28]. Three nuts on top of the upper steel plate were tightened after reaching the target 
load, followed by removing the hydraulic jack and the load cell. Three sets of washer 
springs were placed between the bottom two plates to keep the load value constant. Strain 
gauges were also mounted on each Dywidag bar to monitor the load relaxation, and the 
setup was reloaded several times during the first three weeks until the applied axial load 
on the CFFT became stable (Fig. 3).  
3.4. ENVIRONMENTAL EXPOSURE REGIME 
Specimens that were designed to sustain environmental conditions were placed 
inside the environmental chamber for 72 days and sustained a total of 350 cycles 
consisting of one set of 50 freeze/thaw cycles, three sets of 50 heating/cooling cycles, and 
three sets of 50 wet/dry cycles (Fig. 4 and Table 4). This regime was first proposed by 
Micelli and Nanni [29] to represent severe weather cycles in the Midwest of the U.S. for 
an exposure period of 20 years. 
3.5. INSTRUMENTATIONS AND SETUP FOR COMPRESSION AND TENSILE 
SPLIT-DISK TESTS 
The cylinders were removed from the environmental chamber after the end of 
conditioning and were kept under room conditions for at least one week before 
conducting the compression tests (Fig. 5a) and tensile split-disk (Fig. 5b).  
Compression test was conducted on a MTS 250 load frame with a capacity of 
2224 kN. Two linear variable displacement transformers (LVDTs) were mounted on each 
specimen to monitor its global vertical deformations. Two strain gauges were also 
bonded to the GFRP tube surface symmetrically at mid height in the hoop direction to 




two were subjected to monotonically increasing load at a 0.5 mm/min displacement rate 
until failure occurred, and the third one was subjected to axial cyclic compressive load 
with 0.5 mm/min displacement rate and three cycles for each designed displacement level 
(Fig. 6). 
For the split-disk test, two semicircle steel plates were placed inside each GFRP 
ring while the loading head pulled apart the steel plates at a loading rate of 0.25 mm/min 
until GFRP ruptures. Two strain gauges were bonded to each ring specimen (Fig. 5b).  
3.6. SCANNING ELECTRON MICROSCOPY (SEM) 
SEM image analyses were performed, using HITACHI S-570 microscope, on 
samples cut from the S cylinders to determine any potential changes in the microstructure 
of the GFRP tubes and the interfaces between GFRP tubes and their concrete cores. A 
25.4 mm thick round disk was cut from the top or bottom surfaces of each S cylinder 
using a concrete saw. The disk was then cut into approximately 13 mm x 13 mm x 5 mm 
test specimens using a diamond saw (Fig. 7). The epoxy coating was kept on the 
specimens during the cutting process to secure the contact between the FRP and the 
concrete. Two polishing approaches were performed on the examined surface. During the 
first approach, the GFRP/concrete surface was polished by sandpapers in a sequence of 
grit 60, 150, 320, 800 and by 1 um suspended diamond paste at the end. However, the 
SEM images for these samples, which are shown later in this paper, demonstrate lots of 
scratches and dents on the surfaces of fibers and resin. The authors believe that the used 
sandpapers with the larger abrasive grain diameter caused such scratches and dents 
during the polishing process. Another source of these scratches and dents were the 




consisted of the GFRP tube and the attached concrete core. During the second approach, 
polishing was conducted on GFRP piece only (no attached concrete) (Fig. 7) with grit 
800, 1200 sandpapers and 1 um suspended diamond paste at the end [30]. Greatly 
improved images, for the GFRP surfaces, were obtained using the second approach as 
shown later in this paper. The surface was coated with a thin layer of gold-palladium by a 
vapor-deposit process right before placing the sample into the microscope.  
3.7. DIFFERENTIAL SCANNING CALORIMETRY (DSC) 
DSC test is an effective way to measure the Tg of a resin in which a reduced Tg 
indicates plasticizing effect or chemical degradation occurred in the matrix. GFRP 
samples having weight of approximately 2 – 10 mg per sample were cut from the GFRP 
tubes and tested using DSCQ10 calorimeter following the ASTM E1356 [31]. The 
samples were heated from 25°C to 195°C with a 5°C/min rate.   
Two scans were performed for each sample, which means heating, cooling, and 
heating up again. The first scan was used to determine the change in the Tg of the 
investigated conditioned sample compared to that of the control sample. Should the 
investigated sample displayed smaller Tg compared to the control samples; then, the 
environmental exposure degraded the specimen. For the second scan, if the degraded Tg 
value of the conditioned sample remained constant, the degradation occurred was 
attributed to permanent chemical degradation (e.g. hydrolysis). However, if the Tg value 
of conditioned sample was recovered and returned back to that of the control sample, 
then the degradation during the first scan was due to plasticization effect during the 





4. TEST RESULTS AND DISCUSSION FOR CFFT 
The results of SEM and DSC tests will be discussed first, followed by the 
mechanical test results and discussion. In the following sections, specimens were labeled 
as MFR (manufacturer), UU (unconditioned unloaded), CU (conditioned unloaded), and 
CL (conditioned loaded) followed by the number 1, 2, or 3 to identify between replicate 
specimens.   
4.1. MICROSTRUCTURE AND THERMAL PROPERTIES 
The SEM images of the CL samples (Fig. 8a) shows several scratches and dents 
on the fiber and resin surfaces due to inappropriate polishing using the first approach, 
while the second polishing approach was successful in avoiding such dents and scratches 
(Fig. 8b). Therefore, the GFRP/concrete interface SEM images from the first polishing 
approach and GFRP cross-section images from the second approach are presented and 
analyzed in this section. The SEM images of the through-thickness GFRP are presented 
in Figs. 9 through 11. 
The SEM images of the inner surface (near the concrete fill) of the GFRP tube for 
all samples are shown in Fig. 9. The MFR sample displayed holes and mass loss for the 
resin rich zones (Fig. 9a) due to the imperfections during manufacturing process, which 
can also be seen on the other three samples. Fiber cracks, due to the polishing process, 
were also found in all the samples. 
Fiber/resin interphase cracks occurred also on the border between fiber-rich 
region and resin-rich region as shown in the enlarged images in Figs. 9b through 9d. The 
resin absorbed moisture from the fresh concrete that filled the GFRP tube, and the 




hardened. The volume change of the resin generated concentrated stress along the 
fiber/resin interphase, and fiber/resin interphase debonding took place eventually due to 
those stresses.  
Further investigations on the intermediate and outer (surface subjected to air) 
surfaces of the GFRP tube showed no damages for both glass fibers and polyester resin 
(Figs. 10 and 11). Applying the sustained axial load on the CL specimens resulted in 
micro-cracks in the resin (Fig. 11d). The concrete fill in the CL specimens dilated due to 
the applied axial load and exerted pressure on the GFRP tubes resulting in micro-cracks 
in the resin. 
SEM images at the interfaces between GFRP tube and concrete core for UU, CU, 
and CL samples are presented in Fig. 12. Specimens UU and CU had a gap of 
approximately 74 um between the GFRP tube and the concrete core. The gap was 
attributed to the shrinkage of the concrete. Furthermore, the CTE for the GFRP tube is 
larger than that of concrete. During the temperature changing cycles, the different levels 
of deformation between the GFRP tubes and concrete cores in the longitudinal directions 
were supposed to cause damages to the GFRP/concrete interface. However, the similar 
gap magnitude between UU and CU specimens indicated that the environmental 
exposures did not affect the GFRP/concrete interface. The concrete dilation due to the 
sustained load, however, resulted in a smaller gap of 34 um between the concrete and 
GFRP (Fig. 12c).  
The measured Tg for all samples remained approximately constant for both scans 
(Table 5), indicating that the hydrolysis reaction for polyester with pure water is a very 




reversed after the specimens were dried [14, 32]. All the specimens taken out from the 
environmental chamber had been kept in room condition for at least one week before any 
further testing. The polyester resin was also fully cured during the manufacturing process 
since the Tg values of the control sample from both scans were close to each other.  
4.2. FAILURE MODES FOR COMPRESSION TEST 
All the CFFT cylinders failed due to GFRP tubes rupture followed by diagonal 
shear fracture of the concrete core with only one or two major internal cracks developed 
(Fig. 13). This failure mode was attributed to the brittle nature of the relatively high 
strength concrete core. The measured unconfined concrete compressive strengths, f’c, 
were 65 MPa, 54 MPa and 61 MPa for UU, CU, and CL, respectively, at the day of the 
CFFT compression testing. The GFRP tubes failed along the fiber directions during 
loading. Popping sound was heard once the applied load exceeded the strength of the 
unconfined concrete under consideration, which was a sign for cracking and dilation of 
the concrete core. Abrupt and larger popping sound occurred at the time of failure for the 
conditioned specimens compared to the gradually increasing and smaller popping sound 
for the control specimens, as the freeze/thaw cycles embrittled the resin of the GFRP 
tubes.  
4.3. STRESS-STRAIN BEHAVIOR 
The normalized stress - strain curves for representative cylinders are shown in Fig. 
14, where the normalized stress is defined as the confined stress f’cc of a CFFT divided by 
f’c of this CFFT. As the vertical loads carried by the GFRP tubes were significantly 




load carried by this CFFT divided by the concrete cross-sectional area of that CFFT. For 
specimens subjected to cyclic load, the envelopes for the cyclic normalized stress - strain 
of the investigated specimens were used for comparison. As shown in the figure, the 
normalized stress - strain behavior of all types of the specimens can be approximated as 
piecewise linear function. The response was approximately linear, during the first sub-
function, until a normalized stress of approximately 1.0. During this sub-function, the 
applied load was carried by the concrete core while the GFRP confinement had not been 
activated yet. Beyond a normalized stress of 1.0, the GFRP confinement was activated 
due to dilation of concrete core resulting from the development of major cracks in the 
concrete core. Such concrete cracks was not visual during testing due to the existence of 
the GFRP tube but was confirmed after testing and removing the GFRP tube. During this 
sub-function the CFFT displayed stiffness softening but the CFFTs were still able to 
carry more load. Beyond that the load dropped down quickly during the third sub-
function with the propagation of more major cracks in the concrete core, and the GFRP 
tubes ruptured. 
The relative brittle behavior for the tested CFFT cylinders was due to the small 
value of the used confinement ratio and relatively brittleness and small dilation of the 
relatively high strength concrete filled the GFRP tubes. High strength concrete subjected 
to compression loads develop a few major cracks, which resulted in localized expansion 
of the concrete compared to the more uniformly distributed micro-cracks developed in 
normal strength concrete [33, 34]. This alters the confinement mechanism applied by the 
FRP tube from more uniformly distributed confining pressure for normal strength 




in the case of high strength concrete, the FRP confinement was not fully activated until 
the concrete became significantly damaged, followed by local cracks and rapid shear 
fracture for the FRP tube shortly after that due to the high localized expansion pressure 
exerted by the concrete. In addition to the low dilation of the concrete, the 53º fiber 
orientation resulted in reduced confining pressure as only the horizontal component of the 
fiber exerts confining pressure on the concrete, leading to the declined branch after peak 
[35, 36].      
The initial stiffness of the conditioned cylinders in axial direction did not change 
significantly when compared to that of the control specimens as the initial axial stiffness 
was dominated by the elastic modulus of the concrete core, which were 35508 MPa, 
37921 MPa and 37576 MPa for UU, CU and CL, respectively, at the day of cylinders’ 
test.  
As for hoop direction, the slopes of the initial branches of all types of cylinders 
were nearly the same. It meant the stiffness of the GFRP tubes in the hoop direction were 
affected insignificantly after the environmental conditioning. The negligible changes on 
stiffness of the GFRP tubes in the hoop direction, together with the DSC test results, 
further elaborated that the plasticization effect was recovered after the specimens were 
dried to their original moisture content.  
The environmental exposures had negligible effect on the normalized maximum 
strength of CFFT (Fig. 15 and Table 5), with 100% and 98% retention, which is defined 
as the ratio of the magnitude of a physical characteristic after and before conditioning, for 
CU and CL specimens, respectively. Furthermore, increased coefficients of variation of 




strain, corresponding to 96% and 77% retention for CU and CL specimens, respectively, 
could be attributed to matrix cracking and/or fiber-matrix debonding due to wet/dry 
cycling and temperature cycling. Cyclic moisture sorption/desorption on GFRP 
composite during wet/dry cycles could cause residual stresses due to different volume 
expansion/contraction upon moisture content changes between matrix and fibers. The 
residual stresses led to matrix cracking and/or fiber-matrix debonding, which reduced the 
maximum axial strain capacity. Temperature cycling caused similar mechanism due to 
the differences in the CTEs between the matrix and fibers. The axial strain of CL 
cylinders was degraded more severely than CU specimens, revealing that the sustained 
load could further deteriorate the properties of the GFRP. Maron and Broutman [37] 
conducted moisture absorption tests on both GFRP and CFRP specimens under either 
stressed or unstressed conditions at 95
°
C. They observed that both the diffusion rate and 
equilibrium moisture were increased under external load. In the current study, the 
sustained axial load on the CFFT cylinders exerted radial pressure on the GFRP tube, 
resulting in sustained hoop stress on the GFRP tube in addition to the residual stresses 
caused by environmental conditioning. Microcracks and cracks were generated and 
propagated due to such stress state, as observed from the SEM images in Fig. 11, which 
would attract extra moisture and eventually further degraded the strain of the material. 
Similar trend was also found for the maximum strain in the hoop direction, with 99% and 
61% retention for CU and CL specimens, respectively. However, readers should interpret 






4.4. HOOP TENSILE TEST FOR FRP RINGS 
Generally, the trends of the change in the mechanical properties of the GFRP 
rings were similar to that of the CFFT cylinders under compression (Fig. 16 and Table 7), 
revealing that the mechanical performance of CFFT cylinders under compression is 
mainly controlled by the properties of the GFRP tube. The environmental conditioning 
degraded the GFRP tubes more in strain than strength, and the sustained load caused 
more reduction in the ultimate strain of the GFRP tubes. Due to the inclined fiber 
orientation of the GFRP rings with limited amount of fibers engaged in tension during the 
tensile tests as well as the occurrence of the tensile fracture of the rings slightly away 
from the locations of the strain gauges, the statistical maximum strain data had large 
variation and readers should use caution interpreting these data.    
4.5. CYCLIC BEHAVIOR AND ENERGY DISSIPATION CAPACITY 
One of the three L cylinders in each set was tested under cyclic compression load 
in order to investigate the cyclic behavior and energy dissipation capacity. The cyclic 
stress-strain curves for UU_3, CU_3 and CL_2 are shown in Figs. 17a, 17b, and 17c. As 
shown in the figures, all specimens were able to sustain several loading cycles beyond 
their peak loads. Both UU and CL specimens demonstrated a sudden drop in their 
strengths once they reached their peak and a rapid increase in axial strains beyond the 
peak loads, followed by a plateau branch where the specimen strength remained constant 
while the axial strain was increased until failure occurred. On the contrary, CU specimen 
displayed a more gradual decrease in strength beyond the peak load, followed by an 
ascending branch until failure. These differences were attributed to the different concrete 




relatively lower strength of 54 MPa for CU. Higher strength concrete with more brittle 
nature cannot be confined by the FRP tube as effectively as lower strength concrete did 
[38].  
Fig. 17d shows the dissipated energy for all specimens. The dissipated energy was 
calculated as the area included by each loop cycle, and the values from every first loop 
were taken accordingly. As shown in the figure, the three specimens dissipated the same 
amount of energy until an axial strain of 0.4%. Beyond that the CL specimen dissipated 
significantly smaller energy until rupture occurred at an axial strain of 1.2%. The CU and 
UU specimens dissipated equal energy until an axial strain of 0.8%. Beyond that the 
dissipated energy of the CU slightly degraded and approached that of the CL. As shown 
in the figure both the CU and CL displayed energy dissipation smaller that that of UU 
with more significant degradation happened on the CL specimen. Moisture and 
temperature change in the environmental chamber not only embrittled the GFRP tube, but 
also generated micro-cracks on the GFRP tube. Both mechanisms reduced the ductility 
and integrity of the GFRP tube during cyclic compression loading, which led to the 
degradation in the energy dissipation capacity.  
 
5. CONCLUSIONS 
The paper has presented the results of an experimental study on the performance 
of CFFT cylinders subjected to combined freeze/thaw, wet/dry and heating/cooling 
cycles while under sustained axial loading. A total of nine CFFT cylinders were tested 
under compression load and the associated GFRP rings were performed split-disk tensile 




and DSC tests. Based on the test results, several conclusions can be drawn and shown as 
below: 
1. For a CFFT cylinder, both concrete solution inside the GFRP tube and moisture 
in air outside the GFRP tube barely affect the GFRP through any chemical reactions. 
Moisture and temperature changes in the surrounding environment do not affect the 
concrete-FRP bond significantly, and the extra sustained load on the CFFT cylinder can 
help improve the contact between the concrete and the FRP tube. 
2. Combined freeze/thaw, wet/dry and heating/cooling cycles barely affect the 
strength and stiffness of the CFFT cylinders, but can deteriorate the axial and hoop strain 
significantly. Similar changes can be found on the outer GFRP tube. This is due to the 
micro-cracks generated among the resin which resulted from different deformation 
between fibers and resins upon moisture and temperature change in the environment.  
3. The sustained axial load on the CFFT cylinders can further deteriorate the 
strain capacity of the CFFT cylinders and the associated GFRP tubes, due to the micro-
cracks generated among the resin. The sustained axial load forces the concrete core to 
expand outward and applies radial pressure on the GFRP tube, thus leads to the micro-
cracks on the resin phase of the GFRP tube. However, the sustained axial load does not 
affect the strength of the CFFT cylinders significantly.  
4. Freeze/thaw, wet/dry, and heating/cooling cycles can degrade the energy 
dissipation capacity of the CFFT cylinders by embrittling the GFRP and induced micro-
cracks among the resin.  
5. Based on the negligible strength degradation of the loaded CFFT cylinders 




severe weather exposure in the Midwest, the CFFTs in this study are estimated to be used 
as bridge columns in the Midwest for at least 50 years without any major repair.  
There’s no clear conclusion can be drawn for the influence of the extra sustained 
axial load on the energy dissipation capacity of the CFFT cylinders. There is a need for 
more experiments to be done in order to figure out the influence mechanism. More 
rigorous control of the concrete consistency between different batches is required to 
better understand the pure influence of the outer factors on the CFFT cylinders. 
  
REFERENCES 
[1] L.C. Hollaway, A review of the present and future utilisation of FRP composites in 
the civil infrastructure with reference to their important in-service properties, 
Construction and Building Materials 24(12) (2010) 2419-2445. 
[2] V.M. Karbhari, Durability of FRP composites for civil infrastructure - Myth, mystery 
and reality, Advances in Structural Engineering 6(3) (2003) 243-255. 
[3] O. Abdelkarim, M. ElGawady, Concrete-Filled-Large Deformable FRP Tubular 
Columns under Axial Compressive Loading, Fibers 3(4) (2015) 432. 
[4] T. Ozbakkaloglu, M. Saatcioglu, Displacement-based model to predict lateral drift 
capacities of concrete-filled FRP tube columns, Engineering Structures 147 (2017) 
345-355. 
[5] B. Zhang, T. Yu, J.G. Teng, Behavior of concrete-filled FRP tubes under cyclic axial 
compression, Journal of Composites for Construction 19(3) (2015). 
[6] M. Robert, B. Benmokrane, Combined effects of saline solution and moist concrete 
on long-term durability of GFRP reinforcing bars, Construction and Building 
Materials 38 (2013) 274-284. 
[7] V.M. Karbhari, J.W. Chin, D. Hunston, B. Benmokrane, T. Juska, R. Morgan, J.J. 
Lesko, U. Sorathia, D. Reynaud, Durability gap analysis for fiber-reinforced polymer 
composites in civil infrastructure, Journal of Composites for Construction 7(3) (2003) 
238-247. 
[8] Y. Chen, J.F. Davalos, I. Ray, H.Y. Kim, Accelerated aging tests for evaluations of 
durability performance of FRP reinforcing bars for concrete structures, Composite 




[9] L.C. Bank, T.R. Gentry, A. Barkatt, Accelerated Test Methods to Determine the 
Long-Term Behavior of FRP Composite Structures: Environmental Effects, Journal of 
Reinforced Plastics and Composites 14(6) (1995) 559-587. 
[10] A. Ishisaka, M. Kawagoe, Examination of the time-water content superposition on 
the dynamic viscoelasticity of moistened polyamide 6 and epoxy, Journal of Applied 
Polymer Science 93(2) (2004) 560-567. 
[11] C.L. Soles, A.F. Yee, Discussion of the molecular mechanisms of moisture transport 
in epoxy resins, Journal of Polymer Science, Part B: Polymer Physics 38(5) (2000) 
792-802. 
[12] J.W. Chin, T. Nguyen, K. Aouadi, Sorption and Diffusion of Water, Salt Water, and 
Concrete Pore Solution in Composite Matrices, Journal of Applied Polymer Science 
71(3) (1999) 483-492. 
[13] F. McBagonluri, K. Garcia, M. Hayes, K.N.E. Verghese, J.J. Lesko, Characterization 
of fatigue and combined environment on durability performance of glass/vinyl ester 
composite for infrastructure applications, International Journal of Fatigue 22(1) 
(2000) 53-64. 
[14] T.P. Ferguson, J. Qu, Elastic modulus variation due to moisture absorption and 
permanent changes upon redrying in an epoxy based underfill, IEEE Transactions on 
Components and Packaging Technologies 29(1) (2006) 105-111. 
[15] P.K. Dutta, Structural fiber composite materials for cold regions, Journal of Cold 
Regions Engineering 2(3) (1988) 124-134. 
[16] A. Athijayamani, M. Thiruchitrambalam, U. Natarajan, B. Pazhanivel, Effect of 
moisture absorption on the mechanical properties of randomly oriented natural 
fibers/polyester hybrid composite, Materials Science and Engineering A 517(1-2) 
(2009) 344-353. 
[17] A. Le Duigou, P. Davies, C. Baley, Exploring durability of interfaces in flax 
fibre/epoxy micro-composites, Composites Part A: Applied Science and 
Manufacturing 48(1) (2013) 121-128. 
[18] B.C. Ray, Temperature effect during humid ageing on interfaces of glass and carbon 
fibers reinforced epoxy composites, Journal of Colloid and Interface Science 298(1) 
(2006) 111-117. 
[19] A. Fam, A. Kong, M.F. Green, Effects of freezing and thawing cycles and sustained 
loading on compressive strength of precast concrete composite piles, PCI Journal 




[20] H. El-Zefzafy, H.M. Mohamed, R. Masmoudi, Evaluation Effects of the Short- and 
Long-Term Freeze-Thaw Exposure on the Axial Behavior of Concrete-Filled Glass 
Fiber-Reinforced-Polymer Tubes, Journal of Composites 2013 (2013) 10. 
[21] A. Boumarafi, A. Abouzied, R. Masmoudi, Harsh environments effects on the axial 
behaviour of circular concrete-filled fibre reinforced-polymer (FRP) tubes, 
Composites Part B: Engineering 83 (2015) 81-87. 
[22] H. Okamura, M. Ouchi, Self-Compacting Concrete, Journal of Advanced Concrete 
Technology 1(1) (2003) 5-15. 
[23] ASTM D3039/D3039M-17 Standard Test Method for Tensile Properties of Polymer 
Matrix Composite Materials, ASTM International, West Conshohocken, PA, 2017. 
[24] ASTM D2290-16 Standard Test Method for Apparent Hoop Tensile Strength of 
Plastic or Reinforced Plastic Pipe, ASTM International, West Conshohocken, PA, 
2016. 
[25] ASTM D2105-01(2014) Standard Test Method for Longitudinal Tensile Properties 
of "Fiberglass" (Glass-Fiber-Reinforced Thermosetting-Resin) Pipe and Tube, 
ASTM International, West Conshohocken, PA, 2014. 
[26] ASTM D1599-14e1 Standard Test Method for Resistance to Short-Time Hydraulic 
Pressure of Plastic Pipe, Tubing, and Fittings, ASTM International, West 
Conshohocken, PA, 2014. 
[27] ASTM C39/C39M-18 Standard Test Method for Compressive Strength of 
Cylindrical Concrete Specimens, ASTM International, West Conshohocken, PA, 
2018. 
[28] S. Anumolu, O.I. Abdelkarim, M.A. Elgawady, Behavior of Hollow-Core Steel-
Concrete-Steel Columns Subjected to Torsion Loading, Journal of Bridge 
Engineering 21(10) (2016). 
[29] F. Micelli, A. Nanni, Durability of FRP rods for concrete structures, Construction 
and Building Materials 18(7) (2004) 491-503. 
[30] A. Mufti, M. Onofrei, B. Benmokrane, N. Banthia, M. Boulfiza, J. Newhook, B. 
Bakht, G. Tadros, P. Brett, Durability of GFRP Reinforced Concrete in Field 
Structures, 2017. 
[31] ASTM E1356-08(2014) Standard Test Method for Assignment of the Glass 
Transition Temperatures by Differential Scanning Calorimetry, ASTM International, 




[32] S.U. Hamim, R.P. Singh, Effect of Hygrothermal Aging on the Mechanical 
Properties of Fluorinated and Nonfluorinated Clay-Epoxy Nanocomposites, 
International Scholarly Research Notices 2014 (2014) 13. 
[33] A.H. Siddhwartha Mandal, F. Amir, Influence of Concrete Strength on Confinement 
Effectiveness of Fiber-Reinforced Polymer Circular Jackets, Structural Journal 
102(3). 
[34] C. Cui, S.A. Sheikh, Experimental Study of Normal- and High-Strength Concrete 
Confined with Fiber-Reinforced Polymers, Journal of Composites for Construction 
14(5) (2010) 553-561. 
[35] L. Bisby, S. Li, B. Duerden, K. McLarty, J.F. Chen, T. Stratford, Effects of 
unconfined concrete strength on FRP confinement of concrete, Proceedings of the 
6th International Conference on FRP Composites in Civil Engineering, CICE 2012, 
International Institute for FRP in Construction (IIFC)2012. 
[36] T. Vincent, T. Ozbakkaloglu, Influence of fiber orientation and specimen end 
condition on axial compressive behavior of FRP-confined concrete, Construction and 
Building Materials 47 (2013) 814-826. 
[37] G. Marom, L.J. Broutman, Moisture penetration into composites under external 
stress, Polymer Composites 2(3) (1981) 132-136. 
[38] T. Ozbakkaloglu, E. Akin, Behavior of FRP-confined normal- and high-strength 
concrete under cyclic axial compression, Journal of Composites for Construction 






      
                                          (a)                                                        (b) 





               
                                          (a)                                                                     (b) 
Figure 2. Test setup (a) drawing, and (b) inside the environmental chamber after loading 
 nut
 middle round plate
four cylinders in series
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                                       (a)                                                                     (b)  
Figure 8. SEM images obtained using (a) first approach of CL (X250), and (b) second 















no obvious scratches 






(a)                                                                   (b)     
  
(c)                                                                   (d)     
Figure 9. SEM images of the GFRP at the concrete/GFRP interface for (a) MFR; (b) UU; 


































   
(a)                                                                  (b) 
  
(c) 
Figure 10. SEM images of the intermediate surface of the GFRP tube for (a) UU; (b) CU; 





















    
(a)                                                                     (b) 
     
(c)                                                                    (d) 
Figure 11. SEM images of outer surface of the GFRP tube (near air surfaces) for (a) MFR; 
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                                                                             (c) 
Figure 13. Failure modes of the GFRP tubes and concrete cores for selected CFFT 










































Figure 15. Average values of the max strength and max strain for CFFT cylinders with ± 
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                                    (c)                                                                     (d) 
Figure 17. Cyclic stress-strain curves for CFFT cylinders:  (a) UU vs. CU; (b) UU vs. CL; 




























































































































































Test Data 167.6  3.2  58.1  10501  0.71 153.4 13348  2.24 
Manufacture 
Data 
167.6  3.2  67.6   17237  - 275.8  22753  - 
*
 OD = outer diameter; t = wall thickness; fL and fH = ultimate tensile strength in 
longitudinal and hoop directions, respectively; EL and EH = elastic modulus in 
longitudinal and hoop directions, respectively; εL and εH = failure strain in longitudinal 
and hoop directions, respectively. 
 
 



































0.38 350 175 199  837 837 3.6 1.2 
* 
HRWRA: high range water reducer admixture; VEA: viscosity enhancing admixture;  
W/Cm: water to cement. 
 
 
Table 3. Test matrix of all the CFFT cylinders 


































@ 40% RH 
20°C 
to 50°C 
@ 40% RH 
60% RH 
to 95% RH 
@ 20°C 
60% RH 
to 95% RH 
@ 25°C 
60% RH 




Table 5. Glass transition temperature for samples of each conditioning type 
Sample UU CU CL 
Tg (°C) 
1st Run 133.2  132.9  133.3  
2nd Run 134.2  133.7  133.8  
 
 


























1.29 1.53 1.62 
SD 0.04 0.24 0.17 
COV 3% 15% 11% 




1.29 1.47 1.60 
SD 0.05 0.27 0.51 
COV 4% 18% 32% 




1.27 1.17 0.98 
SD 0.12 0.03 0.25 
COV 9% 2% 25% 





Table 7. Mechanical properties for GFRP rings under tention 
Specimen Maximum Stress (MPa) Maximum Strain (%) 
UU 
Average 153.41 2.24 
Standard Deviation 0.51 0.44 
COV 2% 20% 
Retention 100% 100% 
CU 
Average 148.79 2.12 
Standard Deviation 1.93 0.52 
COV 9% 25% 
Retention 97% 95% 
CL 
Average 148.38 1.90 
Standard Deviation 1.18 0.41 
COV 5% 22% 





II. DURABILITY OF HOLLOW-CORE GFRP-CONCRETE-STEEL COLUMNS 
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ABSTRACT 
One of the emerging applications of fiber reinforced polymer (FRP) tube is the 
hollow-core FRP-concrete-steel (HC-FCS) columns. HC-FCS columns demonstrated 
superior advantages on material saving and mechanical behavior. However, the lack of 
long-term data for its durability performance still hinders its greater acceptance. This 
study aims to investigate the degradation of HC-FCS cylinders under combined 
freeze/thaw, heating/cooling, and wet/dry cycles. Sustained axial load was also applied to 
the cylinders during environmental conditioning to simulate the service dead load. 
Compression tests on cylinders and split-disk tensile tests on FRP rings were performed 
for both conditioned and control specimens. Test results showed the environmental 
conditioning slightly degraded the strength and vertical strain of the HC-FCS cylinders, 
but cause pronounced degradation on the hoop strain of the GFRP tube. Investigating the 
micro structure of the FRP before and after the conditioning revealed that no chemical 




to the fiber bond. This led to strain concentration and early rupture of the FRP. The 
sustained load had negative effect on the cylinders, but with more obvious effect on strain 
than on strength.  
 
1. INTRODUCTION 
One of the innovative applications of fiber reinforced polymer (FRP) in civil 
engineering is the hollow-core FRP-concrete-steel (HC-FCS) column (Teng et al. 2007). 
It is consisted of an outer FRP tube, an inner steel tube, and a concrete shell in between. 
HC-FCS stands out for its reduced weight and combined benefits from each of the three 
components. Several researchers have investigated the mechanical behavior of HC-FCS 
columns (Abdelkarim and ElGawady 2016; Anumolu et al. 2016; Omar Abdelkarim 
2017), but no single study has been done on its durability performance, especially when 
subjected to freeze/thaw, wet/dry, and heating/cooling cycles, which a bridge column is 
often facing during its service life.  
Polyester is one of the commonly used resins to fabricate FRP composites. It 
contains large amount of ester groups and hence will suffer from molecule weight loss 
and disintegration through hydrolysis process. The reaction with pure water is very slow 
but can be catalyzed at the presence of dilute acid or alkali (Wade 2010). Hydrolysis 
reaction causes permanent deterioration of the polyester. Moisture can also plasticize the 
polyester by disrupting the Van der Waals forces inside the molecule chain network, 
resulting in reduced stiffness and glass transition temperature (Tg) of the resin (Bank et al. 
1995; Frigione 2004; Ishisaka and Kawagoe 2004). Plasiticization is considered 




2000). Adsorbed moisture also expands the volume of resin imposing internal stresses 
which propagate microcracks among the resin (Robert and Benmokrane 2013). 
Another important factor that greatly affects the performance of the resin is its 
thermal loading history. Resins kept under freezing condition become stiffer and more 
brittle, while the modulus of elasticity of the resin will decrease if it is subjected to long-
term high temperature exposure (Dutta 1988). The performance of the FRP will 
dramatically degrade if the service temperature exceeds the Tg of the resin (Bank et al. 
1995).  
Glass fibers are widely used for FRP in civil engineering applications. Bare glass 
fibers are deteriorated in water due to leaching. The hydroxyl ions can break the silicone 
bond in the glass molecule structure, resulting in disintegration and molecule weight loss 
(Chen et al. 2007; Mufti et al. 2005; Nkurunziza et al. 2005).  
The fiber/matrix interphase, an inhomogeneous anisotropic region with thickness 
of approximately one micron, is another important component in FRP which transfers 
loads between resins and fibers. The fiber/matrix interphase is easily damaged by the 
concentrated stresses as a result of incompatible deformation between the fiber and resin 
under moisture and/or temperature changes (Zaman et al. 2013). Resins typically possess 
larger coefficient of thermal expansion (CTE) than fibers. In addition, moisture can wick 
through the interphase and deteriorate it by hydrolysis reaction, leading to osmotic cracks 
and interface debonding (Le Duigou et al. 2013).  
 
 




2. RESEARCH SIGNIFICANCE 
A typical bridge column sustains its axial loads while exposed to hybrid 
environmental conditions such as freeze/thaw, wet/dry, heating/cooling during its service 
life. However, literature focused on investigating the performance of FRP subjected to 
one isolated parameter and not the hybrid loading. Another gap of FRP application in 
civil engineering is to use polyester based FRP. The cost of polyester resin is 
approximately 70% and 50% of that for vinylester and epoxy, respectively. The low price 
makes the polyester-based FRP more economically competitive, as long as its long-term 
durability can be justified. Furthermore, previous studies focus on conventional concrete 
filled FRP tubes; however, self-consolidating concrete (SCC) has become more popular 
in concrete construction. Compared to conventional concrete, SCC displays higher 
alkalinity environment due to its higher cementitious content (Okamura and Ouchi 2003), 
which can increase the vulnerability of GFRP tubes used in HC-FCS applications.  
This study presents the durability evaluation of HC-FCS cylinders subjected to 
combined freeze/thaw, wet/dry, and heating/cooling cycles while under sustained load. 
The FRP tubes were manufactured using polyester-based glass-fiber reinforced polymer 
(GFRP). The concrete in the HC-FCS specimens were SCC. Compression tests and hoop 
tensile tests were conducted on HC-FCS cylinders and FRP rings, respectively, for both 
pre and post-conditioned specimens. Samples extracted from the FRP tubes were 
performed scanning electron microscopy (SEM), energy dispersive x-ray (EDX), fourier 
transform infrared (FTIR) spectroscopy, and differential scanning calorimetry (DSC) 





3. EXPERIMENTAL WORK 
3.1. MATERIAL 
GFRP tubes fabricated with isothalic polyester thermosetting resins and E-glass 
fibers through a filament winding process at + 53° winding angles with respect to the 
longitudinal direction were used during this experiment. Tensile tests were performed on 
at least three replicated coupons and rings cut from the tubes per ASTM D3039 and 
ASTM D2290, respectively (Table 1). The manufacturer’s data per ASTM D2105 and 
ASTM D1599 are also shown in Table 1 for comparison. The manufacturer’s data was 
created by testing entire tubes which allow the fiber to have full development length 
unlike testing FRP coupons or rings. Should the fiber in the filament tube were in 0/90° 
arrangement, the coupons and tube testing would yield similar results. However, due to 
the + 53° winding angles, the ASTM D3039 and ASTM D2290 results are dependent on 
the provided fiber development length which in turn depends on the coupon width.    
Steel tubes having an outer diameter (Do) of 102 mm (4 in.) and a wall thickness 
(ts) of 2 mm (0.075 in.) corresponding to Do/ts of 53 were used. Two steel tubes were 
compressed under a monotonic load at a 0.5 mm/min (0.02 in./min) displacement rate. 
The steel tubes failed by local bucking in elephant’s foot mode with 302 kN (68 kips) and 
296 kN (67 kips) compressive loads (Table 2). Three coupons cut from different tubes 
along the longitudinal direction were tested in tension per ASTM A370 to obtain the 
tensile properties of the steel tube (Table 2).     
All the HC-FCS cylinders and 102 mm × 204 mm (4 in. × 8 in.) unconfined 






compressive strength was 55+3 MPa (8031+424 psi) by testing at least three replicate 
cylinders per ASTM C39.  
3.2. SPECIMEN PREPARATION 
All the HC-FCS and unconfined concrete cylinders were kept under room 
temperature covered with plastic cloth for curing after casting. This was aimed to remove 
any unrelated moisture and temperature influence on the GFRP tubes other than the 
investigated environmental conditions inside the environmental chamber. The top and 
bottom surfaces of the HC-FCS cylinders were grinded evenly after one-month of curing 
(Fig. 1a), and a thin layer of epoxy was coated on each of those surfaces together with 
inner surfaces of the steel tubes (Fig. 1b)  to enforce all water penetration to go through 
the GFRP surface.  
Nine 305 mm (12 in.) high and three 229 mm (9 in.) high HC-FCS cylinders were 
prepared and divided into three different groups with their individual labeling: 
unconditioned unloaded (UU), conditioned unloaded (CU), and conditioned loaded (CL). 
For each group, three 305 mm (12 in.) high cylinders were used for compression tests and 
one 229 mm (9 in.) high cylinder was used for split-disk ring test. The control specimens 
were kept under laboratory conditions while the conditioned specimens were moved to 
the environmental chamber for conditioning. At least five unconfined concrete cylinders 
were kept in the same condition as each HC-FCS group in order to determine the 
unconfined concrete strength and elastic modulus for each scenario at the day of testing 





3.3. SUSTAINED LOAD SETUP 
For the CL specimens, four HC-FCS cylinders were sandwiched in series between 
triangular steel plates with three post-tensioned Dywidag bars (Fig. 2). A hydraulic jack 
and a load cell were used to apply the sustained load up to 200 kN (45 kip) corresponding 
to 10% of the design compressive strength of the HC-FCS cylinder. This ratio is a 
common load ratio for the axial service load of a bridge column in the U.S. (Anumolu et 
al. 2016). The hydraulic jack, the load cell and the top reaction plate were removed after 
the target load had been reached and the nuts had been tightened. The load was sustained 
by three sets of washer springs placed between the bottom two plates. Two strain gauges 
were attached to each Dywidag bar to monitor the load relaxation, and the setup was 
reloaded several times during the first three weeks until the load stabilized at the design 
load (Fig. 3). 
3.4. ENVIRONMENTAL EXPOSURE REGIME 
CU and CL specimens placed inside the environmental chamber for conditioning 
were subjected to one set of 50 freeze/thaw cycles, three sets of 50 heating/cooling cycles 
alternated with three sets of 50 wet/dry cycles, adding up to a total of 350 cycles in a 72-
day period (Fig. 4 and Table 4). The regime was first proposed by Micelli and Nanni 
(Micelli and Nanni 2004) to simulate the severe weather conditions in the Midwest of the 
U.S. over an approximately 20-year period, based on the data collected from the National 






3.5. INSTRUMENTATIONS AND SETUP FOR COMPRESSION AND SPLIT-
DISK TENSILE TESTS 
All the HC-FCS cylinders were moved out of the environmental chamber after the 
conditioning was completed and were kept under laboratory conditions for at least one 
week before testing. The compressive strength of each HC-FCS specimen was 
determined using a MTS 250 load frame machine with a capacity of 2224 kN (500 kip) 
(Fig. 5a). The global axial deformation of each HC-FCS cylinder was monitored by two 
linear variable displacement transformers (LVDTs) attached to each cylinder between the 
loading plates, while the axial strains of each steel tube was measured by two strain 
gauges instrumented symmetrically at the middle height of the inner surface of the steel 
tube. The hoop strains of each GFRP tube were measured by two strain gauges oriented 
in the circumferential direction and attached to the surface of the GFRP tube at middle 
height symmetrically. A thin layer of hydro-stone was cast on the top surface of each 
cylinder before testing to ensure the vertical compressive load was distributed uniformly. 
Monotonically increasing load with a 0.5 mm/min (0.02 in/min) displacement rate was 
applied to two out of the three cylinders in each group, while the third cylinder was 
subjected to cyclic compressive load with the same rate and three cycles for each 
designed displacement level (Fig. 6). 
The annular concrete of each 229 mm (9 in.) high HC-FCS cylinder was first 
carefully chiseled out using an air chisel gun to get the outer GFRP tube separated, and 
the GFRP tube was then cut into at least three 25 mm (1 in.) wide rings to conduct the 
split-disk tensile test on a MTS 880 machine (Fig. 5b). Two semicircle steel plates were 
placed inside each GFRP ring with extension arms attached to the loading heads. The 




(0.1 in./min) displacement rate until the GFRP ring failed. Two strain gauges were 
instrumented on two sides of each ring to capture the local ultimate strain.  
3.6. SCANNING ELECTRON MICROSCOPY (SEM) AND ENERGY 
DISPERSIVE X-RAY (EDX) 
SEM test was performed on GFRP cross-sectional surfaces for the manufacture, 
UU, CU and CL speimens and GFRP/concrete interphase for UU, CU and CL speimens 
only, in order to visually examine the effects of environmental conditions on glass fibers, 
polyester resin, fiber/resin interphases, and GFRP/concrete interfaces.  
EDX test is a technique to identify the chemical composition on a sample surface 
and was conducted on GFRP cross-sectional surfaces only. EDX test for this experiment 
is mainly to detect if there’s any chemical corrosion happened on the glass fibers. EDX is 
not capable of capturing elements with very light molecule weight, like hydrogen (H); 
thus, it is not useful for polyester resin where hydrolysis reaction could happen.  
Samples with size of approximately 13 mm x 13 mm x 5 mm (0.5 in. x 0.5 in. x 
0.2 in.) were cut from each 229 mm (9 in.) high HC-FCS cylinders (Fig. 7). Epoxy 
coating was kept on the back of GFRP/concrete interphase during cutting and polishing 
process in order to hold the two components together and minimize the interruption on 
the interphase from those activities. Surface polishing was conducted in a sequence of 
grit 800, 1200 sandpapers and 1 um suspended diamond paste in the end. The surfaces 
were coated with a thin layer of gold-palladium by a vapor-deposit process right before 
placing the sample into the microscope. The test was performed on HITACHI S-4700 





3.7. FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY 
FTIR test is a tool to detect chemical bonds (functional group) in organic 
molecules based on infra-red (IR) light spectroscopy. Contrary to the EDX test, FTIR is 
capable of capturing the hydroxyl (OH) bond which is generated during hydrolysis 
reaction on polyester resin. While carbon-hydrogen (CH) bond is generally considered to 
be constant in a resin, an increase of OH/CH ratio indicates polyester hydrolysis.  
Small GFRP chips were cut from both the outer surface and inner surface of each 
tube. Glass fibers were separated out by grinding each chip in a mortar and the leftover 
resin were further ground into fine powder. Dry FTIR grade KBr powder was added to 
each resin powder with a ratio of approximately10:1, and the mixture was ground again 
to be homogeneous. The mixture was then pressed under approximately 69 MPa (10,000 
psi) pressure for one minute to obtain the KBr pellets and were ready for the test. The 
FTIR tests were performed on a Nicolet Nexus 4700 FT-IR Spectrometer with IR 
transmission method.  
3.8. DIFFERENTIAL SCANNING CALORIMETRY (DSC) 
DSC test is used to determine the glass transition temperature (Tg) of amorphous 
polymers like polyesters. Small polyester chips having weight of approximately 2 – 10 
mg per piece were cut from the outer surfaces of each GFRP tube. The test was 
performed on a TA Instruments DSCQ10 calorimeter per ASTM E1356-08 with 5°C/min 
heating rate and 25°C (77°F) to 195°C (383°F) temperature range.   
Two scans were performed for each sample, which included heating, cooling, re-
heating and re-cooling. The first scan was able to determine if there was any degradation 




scan was used to determine whether the reduced Tg, if there was any, was due to 
incomplete curing or chemical hydrolysis. If the degraded sample still possessed lower Tg 
compared to that of the control sample after the second run, the degradation was caused 
by permanent chemical hydrolysis. Otherwise, the degradation was due to incomplete 
curing where the polyester was further cured by the heat released from the second run.  
 
4. TEST RESULTS AND DISCUSSION 
Results of the material characterization tests, including SEM, EDX, FTIR and 
DSC tests were introduced and discussed first in this section, followed by interpretation 
of the failure modes, stress-strain behavior and statistical data of the HC-FCS cylinders 
under compression, statistical data of the GFRP rings under split-disk tensile tests, and 
energy dissipation capacity of the HC-FCS cylinder under cyclic compression at the end.  
4.1. MICROSTRUCTURE IMAGES FROM SEM TESTS 
Similar to the manufacturer sample, the outer surface of the GFRP tube in all 
CFFT specimens barely showed any damage to the resin phase, besides the unfilled resin 
holes due to manufacture imperfections. There were cracks shown on fibers probably due 
to sample polishing process (Fig. 8). This is confirmed with the EDX analysis as 
discussed later. Hence, the environmental conditions barely affected the GFRP. In 
addition, there’s no damage on either resin or fibers in the middle part of the GFRP 
samples.  
Besides material loss and unfilled resin holes due to manufacture imperfections, 
the inner GFRP surfaces in all CFFTs displayed fiber/resin interphase debonding due to 




from the core concrete (Fig. 9). The bulk resin absorbed moisture from fresh concrete 
solution when the concrete was just poured into the GFRP tube, and the concrete 
retrieved moisture back from the bulk resin during concrete hardening. The shrinkage of 
the bulk resin led to the fiber/resin interphase deboning. 
SEM images were also captured on the interfaces between GFRP tube and 
concrete core for UU, CU, and CL samples (Fig. 10). Both the UU and CU samples 
displayed about 75 um gap between the GFRP tube and the concrete core. These gaps 
were attributed to the shrinkage of the concrete. Hence, the environmental exposure did 
not cause a significant change in the gap size. For the CL sample, the gap was generally 
smaller than those observed in the other specimens. Loading the CFFT specimens using 
sustained load led to lateral dilation of the concrete core which reduced the gap.  
4.2. CHEMICAL COMPOSITIONS FROM EDX TESTS 
The EDX analysis results for glass fibers at the outer GFRP surfaces for 
manufacturer, UU, CU, and CL samples are illustrated in Fig. 11, with weight percentage 
for each chemical element.  
There was no zirconium (Zr) element shown in the chemical composition of glass 
fibers from each condition, confirming that the used glass fiber was normal E-glass 
instead of alkali-resistant (AR) glass. Possible chemical reactions happened on glass 
fibers in this area could be fiber leaching (or ion exchange) with absorbed moisture, as 
shown in Eq. 1: 
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 ions leached out from the glass structure, leading to the 
decrease of Na content in the glass fiber and the increase of pH in surrounding solution. 
Similar to Na
+








 which are typically available 
in fiber composition, can also be extracted out from the glass structure and the leaching 
process continues as long as these ions are available in the glass structure (Barkatt 2001). 
Fig. 11 shows that the weight percentage of Na, Mg, Al and Ca elements for all the four 
samples were basically the same, indicating that fiber leaching barely happened over 
outer surface area for CU and CL specimens. Therefore, the moisture inside the 
environmental chamber barely affected the glass fibers of the GFRP tube. 
The glass fibers over the inner GFRP surfaces were vulnerable to the alkaline ions 
from concrete pore solution. Those alkaline ions, however, must first penetrate through 
the resin layer in order to attack the glass fibers. The concrete pore solution mainly 
contains sodium (Na
+
) and potassium (K
+
) together with hydroxyl ions (OH
-
) as counter 
ions. Other ions in the pore solution are either very insoluble, like calcium (Ca
2+
), or low 
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 ions in any of four samples (Fig. 12). Results for the fibers at the FRP inner 
surfaces of the UU, CU, and CL samples were also alike to that of manufacturer sample 
(Fig. 13). Therefore, the polyester resin well protected the inside glass fibers from the 




4.3. FTIR TEST RESULTS 
As mentioned before, an increase of OH/CH ratio, which can be detected using 
FTIR, indicates deterioration of polyester through hydrolysis reaction. FTIR spectra of 
manufacturer, UU, CU, and CL samples for both inner and outer polyester are illustrated 
in Fig. 14. The maximum of the band corresponding to the OH bond was at a 
wavenumber of 3425 cm
-1
 and the band corresponding to the CH bond was at a 
wavenumber of 2924 cm
-1
. The spectra for all four samples in each location were nearly 
identical. The OH/CH ratios for manufacturer, UU, CU, CL on the outer GFRP tube 
surfaces were 1.01, 0.99, 1.02, and 1.00, respectively, indicating the moisture inside the 
environmental chamber did not affect the polyester. The OH/CH ratios for manufacturer, 
UU, CU, CL on the inner GFRP tube surfaces were 0.99, 0.98, 1.01, 0.95, respectively, 
indicating the alkaline ions from concrete pore solution did not have significant influence 
on the polyester.  
4.4. THERMAL PROPERTIES FROM DSC TEST 
The measured Tg for UU, CU, and CL were approximately the same for both 
scans (Fig. 15), confirming that no hydrolysis occurred on the polyester resin during 
environmental conditioning, which reflected the fact that the hydrolysis reaction for 
polyester with pure water is very slow to happen. It could also be possible that 
plasticization occurred on polyester due to wet/dry cycles, but the effect was reversed 
after the specimen was dried (Ferguson and Qu 2006; Hamim and Singh 2014). All the 
specimens taken out from the environmental chamber had been kept in room condition 




during the manufacturing process since the Tg values of the control sample from both 
scans were close to each other.  
4.5. FAILURE MODES FOR COMPRESSION TEST 
All the HC-FCS cylinders failed by the GFRP tube rupture with zigzag cracks 
passing through the entire GFRP tube. A few columnar vertical cracks were observed on 
the annular concrete through both ends and the inner steel tube did not show any obvious 
damage or buckling (Fig. 16). The failure pattern of the annular concrete was due to the 
brittle nature of high strength concrete (Siddhwartha Mandal and Amir 2005). The 
measured unconfined concrete strengths, f’c, for UU, CU and CL specimens were 64+1 
MPa (9321+189 psi), 63+1 MPa (9132+134) and 62+1 MPa (8966+99 psi), respectively, 
at the day of HC-FCS compression testing. The intactness of the steel tubes was due to 
three reasons. First, there was a limited slip between the steel tube and concrete as the 
steel tube penetrated into the thin hydro-stone capping. Hence, the axial displacement 
demand on the steel tube was less than that on the concrete.  Second, the radial pressure 
on the steel tube given by the concrete shell was low since the relatively high strength 
concrete has low dilation capacity. Third, the concrete shell in the HC-FCS system is 
sandwiched between the GFRP tube and steel tube. When concrete dilates it doesn’t 
dilate uniformly inward and outward. Rather, the ratio of the inward-to-outward dilation 
depends on the relative hoop stiffness of the GFRP and steel tubes (Abdelkarim et al. 
2018). In the investigated specimens, the GFRP confinement was relatively softer than 
the inner steel tube, and hence the concrete dilated mainly outward. The pop up failure 




the polyester became brittle when subjected to the low temperature during the 
freeze/thaw cycles.   
4.6. STRESS-STRAIN BEHAVIOR 
The normalized stress-strain curves for all the HC-FCS cylinders under 
compression are shown in Fig. 17, where the normalized stress is defined as the axial 
stress of the confined concrete shell, f’cc, divided by the compressive stress of the 
associated unconfined concrete, f’c. f’cc was obtained by first determining the load carried 
by the annular concrete section, Pc, this was done by subtracting the axial load carried by 
the steel tube, Ps, from the total load carried by the entire cylinder, PT. f’cc was then 
determined by evaluating Pc divided by the cross-sectional area of the annular concrete 
section. It was assumed that the axial load provided by the outer GFRP tube was so small 
and can be ignored. Ps was calculated as the measured axial strain times the steel tube 
elastic modulus times its cross-sectional area, and limited by the tube squash strength 
(Table 2). Envelops of the cyclically compressive curves for UU_2, CU_3 and CL_3 are 
also shown in the figure for comparison. 
The normalized stress-strain curves of all the HC-FCS cylinders exhibited 
approximately three-branch behavior (Fig. 17), with the behavior for UU_2 and CL_1 
specimens different from the other cylinders. Common behavior for most specimens will 
be interpreted first, followed by the explanation of UU_2 and CL_1 specimens. The first 
branch was linearly increasing up to the normalized stress of approximately 1.0, during 
which the GFRP confinement had not been activated yet. Beyond that point, the concrete 
shell began to bulge due to the development of major cracks. Both the outer GFRP 




carrying capacity of the HC-FCS cylinders but with reduced stiffness, which was the 
second branch. Due to the brittle nature of the used high strength concrete and relatively 
low GFRP confinement ratio, the second branch soon transited to the third branch where 
the load dropped quickly with a few more major cracks developed until the cylinder 
crushed.  
In terms of UU_2 and CL_1 specimens, the first branches ended at the normalized 
stress of approximately 0.8 and the second branches demonstrated much longer strain-
hardening period than the other specimens. Also the maximum hoop strains for both 
specimens were small compared to the other specimens. These trends indicated that the 
unconfined concrete strength of the concrete shell for these two cylinders were smaller 
than the other cylinders. Previous studies showed that low strength concrete benefits 
more from GFRP confinement and demonstrates longer period of strain-hardening 
behavior (Siddhwartha Mandal and Amir 2005). The lower concrete strength was 
possibly due to concrete casting where more paste and less aggregate were casted into 
these two cylinders, resulting in smaller compressive strength than the others.   
The initial axial stiffness of all the specimens was similar with the largest 
averaged stiffness for CL, smallest for CU and UU was in between (Fig. 17d), as the 
initial axial stiffness of the HC-FCS cylinder was dominated by the elastic modulus of the 
concrete shell, which were 35 GPa (5133 ksi), 34 GPa (4967 ksi) and 37 GPa (5300 ksi) 
for UU, CU and CL, respectively.  These values for the modulus of elasticity of concrete 





The initial hoop stiffness of the GFRP tubes was also similar among all the 
specimens, indicating the environmental conditioning did not affect the elastic modulus 
of GFRP significantly. Though the sub-zero temperature during freeze/thaw cycles can 
stiffen the GFRP and the high temperature exposure during heating/cooling cycles can 
soften the GFRP, the effects from those two cycles were canceled out eventually. The 
initial hoop stiffness for CU specimens was slightly smaller than that for UU and CL 
specimens, which may be due to the nonuniform radial pressure acting on the GFRP tube 
and the strain gauges for CU specimens happened to be on the locations with larger 
deformation. Furthermore, the CU specimens were slightly degraded in maximum 
strength and strain compared to the control specimens, while the CL cylinders were 
deteriorated most severely, especially for the maximum strain (Fig. 17d). More detailed 
statistical data for the compression test will be discussed in the next section.  
4.7. STRESS AND STRAIN DATA FOR COMPRESSION TEST 
All the statistical data for each group of HC-FCS cylinders, including the 
maximum normalized stress, maximum axial strain and maximum hoop strain are shown 
in Table 5 and Fig. 18. One more parameter introduced here is the nominal confinement 
ratio (flu/f’c) which can be calculated using Eq. 2:                                                                              
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where flu = ultimate confining pressure; f’c = unconfined concrete strength; Ef = modulus 
of elasticity for the GFRP tube; tf = thickness of the GFRP tube; εfu = ultimate tensile 




The average normalized stresses of UU, CU, and CL specimens were 1.12, 1.05 
and 1.03 with coefficient of variation of 8%, 5%, and 11%, respectively. Therefore, the 
retention, which is defined as the ratio of the magnitude of a physical characteristic after 
and before conditioning, was 93% for CU specimens and 92% for CL specimens. The 
insignificant degradation on the normalized stress of the conditioned specimens indicates 
the conditioning temperature cycles barely affected the strength of the GFRP. The 
hydrolysis reaction on polyester and glass fiber also barely occurred during wet/dry 
cycles since both reactions are very slow process under pure water condition.  
The average maximum axial strains of UU, CU, and CL specimens were 1.03%, 
0.97% and 0.91% with coefficient of variation of 13%, 22%, and 4%, respectively, which 
represent the retentions of 94% and 88% for CU and CL specimens, respectively. The 
average maximum hoop strains of UU, CU, and CL specimens were 1.25%, 1.10% and 
0.77% with coefficient of variation of 4%, 16%, and 3%, respectively, which represent 
the retentions of 88% and 62% for CU and CL specimens, respectively. The deteriorated 
strain capacity was due to the micro-cracks developed in the resin phase, resulting from 
the moisture/temperature changes during the environmental conditioning. More 
degradation happened on the hoop strain since the tube was resin dominated in hoop 
direction with +53
° 
winding angles. The reduced strain may be also due to the 
concentrated stress and strain along the fiber/matrix interface arisen during conditioning, 
which deteriorated the interface region and disintegrated the GFRP. Furthermore, the 
sustained load in the case of CL specimens caused more deterioration compared to CU 
specimens. The sustained load induced extra hoop stresses on the GFRP tubes in which 




hoop stresses caused micro-cracks which not only reduced the strain capacity of the 
GFRP tube, but also attracted more moisture to further deteriorate the deeper region of 
the GFRP tube.   
The average nominal confinement ratio of UU, CU and CL specimens were 7.91, 
7.09 and 5.06 with coefficient of variation of 4%, 16%, and 3%, respectively, which 
represent the retentions of 90% and 64% for CU and CL specimens, respectively. The 
trend for nominal confinement ratio was similar to that of the hoop strain since the value 
of nominal confinement ratio is dominated by the maximum hoop strain based on Eq. 2. 
4.8. SPLIT-DISK TENSILE TESTS FOR GFRP RINGS  
The maximum stress and strain for all the GFPR rings are shown in Table 6 and 
Fig. 19. The average maximum stress of UU, CU and CL rings were 22.03, 20.31 and 
19.99 with coefficient of variation of 6%, 6%, and 4%, respectively, which represent the 
retentions of 92% and 91% for CU and CL rings, respectively. The average maximum 
strain of UU, CU and CL rings were 1.73, 1.66 and 1.37 with coefficient of variation of 
12%, 4%, and 12%, respectively, which represent the retentions of 96% and 79% for CU 
and CL rings, respectively. Again, the environmental conditioning affected the GFRP 
more on strain than on strength. The trend of changes for the maximum stress and strain 
for each group of GFRP rings was similar to that of the HC-FCS cylinders, indicating the 
failure of the cylinder was dominated by the GFRP tube. The further deduction on the 
maximum strain for CL specimens, when compared to CU specimens, also suggested the 





4.9. CYCLIC BEHAVIOR AND ENERGY DISSIPATION CAPACITY 
The cyclic stress-strain curves and energy dissipation history for UU_2, CU_3 
and CL_3 are plotted in Fig. 20. The dissipated energy was calculated as the area 
included by each loop, and the value from the first loop of each displacement level were 
depicted in Fig. 20d for comparison. The CU_3 and CL_3 developed their peak load at 
early stage and continued to carry the cyclic load until reaching the axial strain of 
approximately 1.2% and 0.9%, respectively. On the contrary, UU_2 developed its peak 
load, which was smaller than that of CU_3 and CL_3 though, at late stage with an axial 
strain of approximately 1.3% and failed at the axial strain of approximately 1.8%. As can 
be seen from Fig. 20d, all the three specimens dissipated similar energy before an axial 
strain of approximately 0.3%. Beyond that, CU_3 and CL_3 dissipated more energy than 
UU_2 until the axial strains of approximately 1.1% and 0.8%, respectively, with the peak 
dissipated energy of CU_3 higher than that of the CL_3. The dissipated energy of UU_2 
started to bounce up at the axial strain of approximately 1.1% and reached its maximum 
dissipated energy, which was much larger than the other two specimens, at the axial 
strain of approximately 1.6%. The lower strain capacity for the conditioned cylinders 
compared to unconditioned one was attributed to the deterioration of the GFRP tube 
during the environmental conditioning. Freeze/thaw cycles embrittled the GFRP tube and 
the micro-cracks generated due to moisture/temperature changes in the environmental 
chamber disintegrated the GFRP, which led to the decreased dissipated energy for the 
conditioned specimens. The sustained load caused more micro-cracks on the GFRP, 






This paper presents an experimental work to investigate the combined freezing-
thawing cycles, heating/cooling cycles, and wet/dry cycles on the performance of HC-
FCS cylinders while under sustained axial loading. A total of nine HC-FCS cylinders 
were conditioned and tested under compression and the associated GFRP rings were 
tested under tension. SEM, EDX, FTIR, and DSC tests were conducted on the GFRP 
samples extracted from the tube to detect the change of physical, chemical and thermal 
properties occurred during the environmental conditioning. Several conclusions can be 
drawn based on the test results and are shown as below: 
1. The concrete pore solution inside the HC-FCS cylinders does not affect the 
outer GFRP tube significantly. The solution causes fiber-resin interphase debonding, but 
only limited to the first layer of the fibers.  
2. Moisture barely affects the GFRP through hydrolysis reactions. Temperature 
changes in this study barely affect the GFRP and the bond between GFRP and concrete. 
The sustained load, however, can help improve the contact between GFRP and concrete 
by making the concrete expand outward.  
3. The moisture and temperatures changes do not affect the strength of the HC-
FCS cylinders significantly, but do cause pronounced degradation on the strain capacity 
of the cylinders, in both axial and hoop directions. The associated GFRP tubes are 
influenced in a similar trend.  
4. The extra sustained axial load can further deteriorated the strain capacities of 
the HC-FCS cylinders and the associated GFRP tubes by generating more micro-cracks 




5. Freeze/thaw cycles can embrittle the GFRP tube and reduce the strain capacity 
of the HC-FCS cylinders under cyclic compression. Micro-cracks generated by moisture, 
temperature changes and extra sustained load can further deteriorate the cylinders’ energy 
dissipation capacity.  
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                                       (a)                                                      (b)                     
Figure 1. Specimen preparation: (a) A HC-FCS cylinder; (b) epoxy coating on cylinders 
 
 
                    
                                    (a)                                                       (b) 
Figure 2. The test setup (a) drawing, and (b) inside the environmental chamber 
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         (a)                                                              (b) 
Figure 5. Test setup for (a) compression, and (b) split-disk tensile tests 
 
 
   
Figure 6. Cyclic compression loading regime 























































         
Figure 7. Samples for SEM test 
 
 
      
(a)                                                          (b) 
Figure 8. Examples of the SEM images of the GFRP outer surface for (a) manufacture, 
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                            (a)                                                                         (b)  
      Figure 9. Examples of the SEM images of the GFRP inner surface for (a) 






      
 
    Figure 10. SEM images for the GFRP/concrete interface (X220) 
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          Figure 12. Examples of EDX results for resin at the inner FRP surfaces 
MFR outer fiber
C          2.99%
O          34.11%
Na         0.58%
Mg        1.38%
Al          9.55%
Si          32.48%
Ca         18.20%
UU outer fiber
C          12.49%
O          35.36%
Na         1.19%
Mg        1.84%
Al          7.72%
Si          25.23%
Ca         16.17%
CU outer fiber
C          10.05%
O          32.27%
Na         1.08%
Mg        1.58%
Al          8.93%
Si          28.07%
Ca         18.04%
CL outer fiber
C          3.50%
O          39.74%
Na         0.48%
Mg        1.17%
Al          8.74%
Si          30.08%
Ca         16.30%
MFR inner resin
C          77.68%
O          22.32%
CL inner resin
C          73.33%




    
    




Figure 14. FTIR spectra for the outer and inner polyester 
MFR inner fiber
C          6.28%
O          37.91%
Na         0.52%
Mg        1.09%
Al          8.54%
Si          29.44%
Ca         15.77%
UU inner fiber
C          3.59%
O          38.25%
Na         0.41%
Mg        1.17%
Al          8.63%
Si          31.95%
Ca         16.00%
CU inner fiber
C          3.25%
O          39.39%
Na         0.39%
Mg        1.13%
Al          8.38%
Si          30.94%
Ca         16.52%
CL inner fiber
C          5.21%
O          38.27%
Na         0.36%
Mg        1.11%
Al          8.33%
Si          30.55%
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(a)                                                              (b) 
 
(c)                                                               (d) 
Figure 17. Stress-strain curves in both axial and hoop directions for HC-FCS cylinders: (a) 












































































































Figure 18. Average values of various mechanical properties for all the HC-FCS cylinders 
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                                 (a)                                                                   (b) 
 
                                   (c)                                                                 (d) 
Figure 20. Cyclic stress-strain curves for HC-FCS cylinders under cyclic compressive 























































































































































































































































 OD = outer diameter; t = wall thickness; fL and fH = ultimate tensile strength in longitudinal and 
hoop directions, respectively; EL and EH = elastic modulus in longitudinal and hoop directions, 
respectively; εL and εH = failure strain in longitudinal and hoop directions, respectively. 
 
 
Table 2. Mechanical properties of the steel tube 
Compressive 
Strength* [MPa (psi)] 
Ultimate Tensile 





501 (72610)  809 (117312) 0.4 200 (29000) 
               * Behavior controlled by local steel buckling. 
 
 
Table 3. SCC mix proportions 

































































to 10°C (50°F) 
@ 40% RH 
20°C (68°F) 
to 50°C (122°F) 
@ 40% RH 
60% RH 
























Average 1.12 1.03 1.25 7.91 
Standard Deviation 0.09 0.14 0.05 0.33 
COV 8% 13% 4% 4% 
Retention 100% 100% 100% 100% 
CU 
Average 1.05 0.97 1.10 7.09 
Standard Deviation 0.05 0.22 0.20 1.30 
COV 5% 22% 16% 16% 
Retention 93% 94% 88% 90% 
CL 
Average 1.03 0.91 0.77 5.06 
Standard Deviation 0.13 0.05 0.03 0.23 
COV 11% 4% 3% 3% 


















Average 22.03 1.73 
Standard Deviation 1.26 0.21 
COV 6% 12% 
Retention 100% 100% 
CU 
Average 20.31 1.66 
Standard Deviation 1.43 0.07 
COV 6% 4% 
Retention 92% 96% 
CL 
Average 19.99 1.37 
Standard Deviation 0.83 0.21 
COV 4% 12% 





III. EFFECTS OF COMBINED ENVIRONMENTAL EXPOSURES, WATER 
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ABSTRACT   
Concrete-filled fiber reinforced polymer tube (CFFT) column has demonstrated 
superior advantages on mechanical behavior and ease of construction during the past few 
decades. The fiber-reinforced polymer (FRP) tube not only improves the mechanical 
properties of column, but also provides a protection layer for the concrete core against the 
outer corrosive environment. However, one obstacle hindering the greater acceptance of 
the FRP composite as conventional construction material in Civil Engineering application 
is the susceptibility of FRP to the complex severe environmental exposures. The purpose 
of this study is to investigate the durability of CFFT cylinders with epoxy-based glass 
fiber reinforced polymer (GFRP) tubes. The cylinders were subjected to the combined 
freeze/thaw, heating/cooling and wet/dry cycles with additional sustained axial load and 
continuous water immersion options. Mechanical and material characterization tests were 




more degradation occurred on both strength and strain capacities of the CFFTs for wet 
environmental conditioning compared to the dry environmental conditioning. The 
sustained load further deteriorated the CFFTs in both strengths and strains insignificantly. 
  
1. INTRODUCTION 
Fiber-reinforced polymer (FRP) has emerged as an alternative construction 
materials for infrastructure application since 1980s. Its high strength-to-mass ratio, ease 
of application, and high corrosion resistance make it particularly advantageous in bridge 
engineering. Concrete-filled FRP tube (CFFT) is one of the most recent applications of 
FRP in bridge columns as an alternative to conventional reinforce-concrete or steel bridge 
columns. Many researchers have investigated the mechanical behavior of CFFT 
(Abdelkarim and ElGawady 2016; Zhang et al. 2015), however, limited studies have been 
done on its durability performance. The lack of enough experimental data hinders the 
wider application of CFFT in bridge constructions, especially for ones often subjected to 
freeze/thaw, wet dry, and heating/cooling cycles during its service life.  
The influences of environmental conditions on the FRP are dominated by 
durability of its three individual components, i.e., fiber, resin, and fiber/resin interphase. 
Epoxy and glass fibers are commonly used resin and fiber components, respectively. 
Epoxy can absorb up to 7% moisture by weight, which can plasticize the epoxy and lead 
to reduced modulus and glass transition temperature (Tg) (Bank et al. 1995; Ishisaka and 
Kawagoe 2004; Robert and Benmokrane 2013). The performance of the FRP is 
dramatically weaken if the ambient temperature exceeds the Tg of the epoxy. In addition, 




temperature exposure reduces the modulus of the epoxy (Dutta 1988). On the other hand, 
glass fibers are dissolved in hot water and alkaline solution through leaching and 
hydrolysis processes, resulting in molecule weight loss and mechanical properties 
degradation of the glass fibers (Bashir et al. 2018; Chen et al. 2007; Ishai 1975). 
Fiber/resin interphase is an inhomogeneous anisotropic region and the key part to transfer 
load between fibers and resin. Both ambient moisture and temperature changes may 
induce concentrated stresses along the interphase. Besides, water soluble constituents 
leached from glass fiber surfaces cause additional osmotic pressure on the interphase, 
leading to micro-cracks and interphase debonding eventually (Ashbee and Wyatt 1969; 
Le Duigou et al. 2013; Ray 2006).  
Due to the increased use of CFFTs in bridge constructions in recent years, the 
durability of CFFTs has gained special concerns and has been investigated by several 
researchers. Fam et al. (2008) and El-Zefzafy et al. (2013) tested CFFT cylinders 
subjected to dry freeze/thaw cycles and wet freeze/thaw cycles, respectively. Both 
observed insignificant influence on the ultimate strength of the CFFT cylinders, but wet 
freeze/thaw cycles degraded the axial and hoop strains of the cylinders by about 20%. 
Boumarafi et al. (2015) performed a series test of CFFTs subjected to freeze/thaw cycles 
while immersed in various mediums. Salt solution deteriorated CFFTs’ strengths by 9% 
and air exposure degraded CFFTs’ maximum strains by 10%, while pure water and 
alkaline solution had little effect on CFFTs. 
 
 




2. RESEARCH SIGNIFICANCE 
Although several literatures addressed the durability of CFFTs subjected to 
freeze/thaw cycles, they only investigated one or two isolated parameters rather than the 
combined conditions for bridge columns, where a typical bridge column sustains its axial 
service load while exposing to combined freeze/thaw, wet/dry, heating and cooling cycles 
during its service life. Furthermore, previous studies fabricated CFFTs using 
conventional concrete, where self-consolidating concrete (SCC) has gained increasing 
popularity in practical concrete constructions. SCC possesses higher alkalinity than 
conventional concrete due to its larger cementitious content (Okamura and Ouchi 2003), 
which causes more vulnerability of glass-fiber reinforced polymer (GFRP) tube in CFFT 
application. In addition, ACI 440.2R provides the so called environmental reduction 
factors for externally-bonded FRP-concrete structures based on different fiber types and 
different environmental exposures, however, those factors are conservative estimated. 
The results from this experimental work may contribute to the progress of refining those 
factors.    
This study experimentally investigates the durability of CFFT cylinders subjected 
to combined freeze/thaw, wet/dry, and heating/cooling cycles while under sustained axial 
load. Prefabricated epoxy-based GFRP tubes and SCC were used to fabricate the CFFT 
cylinders. Compression and split-disk tensile tests were conducted on the cylinders and 
the associated GFRP tubes to evaluate the changes of mechanical properties. Scanning 
electron microscopy (SEM), energy dispersive x-ray (EDX), and fourier transform 
infrared (FTIR) spectroscopy tests were performed on the GFRP tubes to detect the 




3. EXPERIMENTAL WORK 
3.1. MATERIAL 
Two groups of epoxy-based GFRP tubes manufactured through filament winding 
method with ±53° winding angles respect to the longitudinal direction were used in this 
experiment, with one group of 305 mm in height for CFFTs to be tested under 
compression and another group of 229 mm in height for CFFTs to be examined by split-
disk tensile and material characterization tests. Detailed dimensions and mechanical 
properties of the GFRP tubes are shown in Table 1, where the mechanical properties 
along the hoop direction were obtained by testing five replicated GFRP rings cut from the 
tubes per ASTM D2290 (ASTM 2016). The maximum strengths and strains of the tubes 
may be significantly underestimated due to the edge effect of the angle ply laminates for 
the tested rings.   
SCC with mix design shown in Table 2 was used to cast all the CFFT cylinders 
and unconfined concrete cylinders with dimensions of 102 mm × 204 mm. The 
unconfined concrete cylinders were used to obtain the concrete strength f’c at 28
th
 day 
and the day of CFFTs’ tests. The average 28-day compressive strength of the used SCC, 
following ASTM C39 (ASTM 2018), was 60 MPa. 
3.2. SPECIMEN PREPARATION 
A total of 20 CFFT cylinders were fabricated and divided into five groups:  one 
group of un-conditioned (UC) stored in the laboratory and four groups of conditioned 
specimens stored in an environmental chamber, which were no load no water immersion 
(NLNW), no load with water immersion (NLW), loaded no water immersion (LNW) and 




high CFFTs for compression test and one 229 mm high CFFT for split-disk tensile, SEM, 
EDX, and FTIR tests. The test matrix of all the CFFTs is displayed in Table 3.  
All the CFFT cylinders after casting were cured under laboratory condition rather 
than being cured in a typical moisture room. This aimed to isolate the CFFTs from any 
moisture and temperature changes other than the ones in the environmental chamber. The 
top and bottom concrete surfaces were ground smoothly and coated with a thin layer of 
epoxy, to ensure the concrete cores were not directly contacted with the outer 
environment as the true scenario of the CFFT bridge columns. Five 102 mm × 204 mm 
unconfined concrete cylinders were prepared for control CFFTs, CFFTs with water 
immersion (LW and NLW), and CFFTs without water immersion (LNW and NLNW), 
respectively, in order to obtain the strength and modulus of the concrete core at the day of 
testing the CFFTs.  
3.3. LOAD FRAME SETUPS AND ENVIRONMENTAL EXPOSURE 
As mentioned before, four groups of CFFT cylinders were placed inside an 
environmental chamber for conditioning, with loaded LW and unloaded NLW specimens 
immersing in water tanks filled with tap water, and loaded LNW and unloaded NLNW 
specimens staying outside the tanks (Fig. 1a). The water immersion condition was to 
detect any differences between dry freeze/thaw and wet freeze/thaw cycles.  
All four LNW cylinders (three higher cylinders and one shorter cylinder) stacked 
in series were sandwiched between two steel plates with three post-tensioned Dywidag 
bars passing through and three sets of washer springs anchoring at the bottom to sustain 
the load (Fig. 1b). The load was applied by a hydraulic jack and monitored by a load cell. 




10% of the CFFT’s axial load capacity, which is a common ratio for the axial service 
load of typical bridge columns (Anumolu et al. 2016). Three nuts on top of the upper 
steel plate were tightened after the target load was reached, followed by removing the 
hydraulic jack and the load cell. Due to the limitations of the water tank height and 
availability of the steel plates, only one higher LW and one shorter LW specimens were 
loaded in series and immersed in a water barrel, using the similar loading frame as the 
one for LNW cylinders. The other two higher LW specimens were loaded in parallel and 
immersed in a water tank, using heavy-duty steel beams instead of steel plates, but with 
the similar principles (Fig. 1c). Strain gauges were instrumented on each Dywidag bar to 
monitor the load relaxation, and the setup was reloaded several times during the first few 
weeks until the load on the CFFT became stable (Fig. 2). 
The environmental exposure contained one set of 50 freeze/thaw cycles, three sets 
of 50 heating/cooling cycles alternated with three sets of 50 wet/dry cycles, and lasted 
approximately 72 days in total (Fig. 3 and Table 4). This regime was refined from the 
original one first proposed by Micelli and Nanni (Micelli and Nanni 2004) to represent 
severe weather cycles in the Midwest of the U.S. for an exposure period of 20 years. The 
water temperatures inside the tanks were measured by thermocouples, corresponding to 
approximately -6°C to 3°C during freeze/thaw cycles (Fig. 4a) and 26°C to 33°C during 
heating/cooling cycles (Fig. 4b).  
3.4. COMPRESSION AND SPLIT-DISK TENSILE TESTS 
All the conditioned CFFTs were removed out of the environmental chamber and 
kept under laboratory condition for at least one week before any mechanical and material 




conducted monotonic compression test with 0.5 mm/min displacement rate, while the 
third one was performed cyclic compression test with 0.5 mm/min displacement rate and 
three cycles per level (Fig. 5).  
The compression tests were conducted on a MTS250 load frame by using a test 
fixture equipped with three linear variable displacement transformers (LVDTs) to 
measure the global axial deformation (Fig. 6a). Four strain gauges (SGs) were evenly 
bonded to the surface of each GFRP tube at middle height along the hoop direction to 
measure the local hoop strain (Fig 6b). 
The concrete core of all the shorter CFFT cylinders were carefully chiseled out 
using an air chisel gun, and four pieces of 25 mm wide rings were cut from each 
separated GFRP tube. Two grooves were cut 180° apart on each ring per ASTM D2290 
(ASTM 2016) and a strain gage was bonded on the surface of each groove section along 
the hoop direction (Fig. 7a). The split-disk tensile tests were conducted on a MTS880 
universal testing machine with the test fixture shown in Fig. 7b. Two semicircle steel 
plates were mounted inside each GFRP ring with two groove sections aligned at the split 
location. The bottom loading head pulled apart the steel plates through extension arms at 
a loading rate of 0.25 mm/min until the ring ruptures.  
3.5. SEM AND EDX TESTS 
GFRP chips with size of approximately 1 cm x 1 cm were cut from each separated 
GFRP tube from the shorter CFFT cylinders for SEM and EDX tests. The cross-sectional 
surface along the thickness direction of each chip was scanned to see if there was any 
physical damage to the glass fibers, epoxy resin, and fiber/resin interphases by SEM test, 




chemical corrosion mechanism for the glass fibers of the conditioned GFRP was fiber 
leaching due to absorbed moisture, as shown in Eq. 1 listed below: 
                                         + -
2Si-O-Na + H O  Si-OH + Na  OH                                 (1) 
As a result, Na
+ 
ions leached out from the glass molecule and diffused into nearby 
resin with absorbed moisture, leading to the reduction of Na content in the glass fibers. 








 which are typically available in glass fiber 
composition, can also be leached out in the same way as Na
+ 
ions, and the leaching 
process continues as long as these ions are available in glass fibers (Barkatt 2001). 
The examined surfaces were polished by a disc polishing machine using a 
sequence of grit 600, 800, 1200 sandpapers and 1 um suspended diamond paste, with 
ultrasonic bath cleaning between each grit and at the end. The chip samples were then 
oven dried overnight and applied gold-palladium coating on the examined surface by a 
vapor-deposit process right before putting into the microscope. The SEM and EDX tests 
were conducted on a HITACHI S-4700 machine. 
3.6. FTIR TESTS 
Since EDX analysis cannot detect hydrogen element while FTIR test is able to 
capture hydroxyl (OH) bond, FTIR test was employed to see if there was any water 
molecule bonded to the epoxy network of the conditioned GFRP, which was formed due 
to moisture absorption in the environmental chamber (Zhou and Lucas 1999). While 
carbon-hydrogen (CH) bond is considered as constant in epoxy resin, an increase of 




Small GFRP pieces were cut from the outer surface of each separated GFRP tube 
and ground into powder. Short pieces of glass fibers were removed from the powder 
mixture and only the finest powder, which was rich in epoxy resin, was mixed with dry 
FTIR grade KBr powder with a ratio of approximately 1:10. The mixture was compressed 
under approximately 70 MPa pressure for one minute to obtain the KBr pellets. The FTIR 
test was conducted on a Nicolet Nexus 4700 FT-IR Spectrometer using IR transmission 
method. 
 
4. TEST RESULTS AND DISCUSSION 
4.1. COMPRESSION TEST 
4.1.1. General Behavior. All the CFFT cylinders failed due to GFRP tubes 
rupture followed by diagonal shear fracture of the concrete core with only one major 
internal crack developed (Fig. 8). This failure mode of the concrete core was attributed to 
its brittle nature possessing relatively high compressive strength, corresponding to 63.8 
MPa, 69.1 MPa and 70.8 MPa for UC, conditioned without water immersion (NLNW and 
LNW), and conditioned with water immersion (NLW and LW), respectively, at the day 
of CFFTs’ compression tests.  
Delamination of GFRP laminates was found on most cylinders (ellipse in Fig. 8 
on the right), which was observed to take place right before the GFRP tube ruptured. The 
laminates delamination (Fig. 8 on the right), compared to the sharp rupture of the GFRP 
tube (Fig. 8 on the left), provided extra strain capacity for the CFFT cylinders under 





4.1.2. Stress-Strain Behavior. The normalized stress - strain curves for the 
representative cylinder from each group are depicted in Fig. 9, where the normalized 
stress is defined as the CFFT confined strength f’cc divided by the unconfined concrete 
strength f’c of the concrete core for this CFFT. As shown in the figure, all the curves 
generally share the same pattern with three stages. The first stage started with a linear 
response until a normalized stress of approximately 1.0 was reached. The load was 
carried by the concrete core only during this stage and the GFRP confinement had not 
been activated yet. Beyond the 1.0 normalized stress, the concrete core started to dilate 
due to the generation of a major crack, and the GFRP confinement became activated. 
During this stage the CFFT displayed stiffness softening but was still able to carry larger 
load or keep the same load. The load dropped down quickly at the beginning of the third 
stage with the propagation of the major concrete crack, followed by a long slightly 
inclined curve or plateau until the GFRP tube ruptured. 
The development progress of the concrete crack and the interaction between the 
concrete core and the GFRP tube can also be well understood by tracking the history of 
the hoop strains. Fig. 10 displayed a typical collection of hoop strains from all the four 
strain gauges on a GFRP tube stacked with the corresponding normalized stress history. 
The slopes of the hoop strain curves changed twice before the CFFT failed. The first 
transition took place when the CFFT reached the normalized stress of approximately 1.0, 
corresponding to the generation of the major crack. The second transition happened when 
the normalized stress curve began to drop down, corresponding to the propagation of the 




GFRP tube, as reflected in Fig. 10 that hoop strain #1 kept increasing while the other 
three hoop strains gradually decreased until the CFFT failed.    
Overall, the stress-stain behavior of the tested CFFTs in this experiment was 
attributed to the low dilation and brittle nature of the relatively high strength concrete 
core, and also the relatively low confining pressure due to the inclined fiber orientation 
(Cui and Sheikh 2010; Vincent and Ozbakkaloglu 2013).  
The initial stiffnesses of the conditioned CFFT cylinders in the axial direction, as 
can be seen in Fig. 9, were almost identical to that of the UC cylinder, as the initial 
stiffness of the CFFT is dominated by the elastic modulus of the concrete core, which 
were 37921 MPa, 40334 MPa and 40334 MPa for UC, conditioned cylinders without 
water immersion, and conditioned cylinders with water immersion, respectively, at the 
day of CFFTs’ tests.  
4.1.3. Statistical Results for Stress and Strain. The statistical results of the 
maximal normalized stresses and maximum axial strains for each group of CFFT 
cylinders are presented in Table 5 and Fig. 11, with retention defined as the ratio of a 
parameter after and before conditioning. The maximum hoop strains of the GFRP tubes 
were not presented here for comparison due to the large variations for some groups of 
cylinders. The uneven and localized deformation of the GFRP tubes, as shown in Fig. 10, 
made it possible that no strain gauge out of the four located right in the maximum 
deformation zone. However, the hoop strains of the GFRP rings will be compared and 




By comparing NLNW and UC, the effects of environmental conditions on the 
CFFT cylinders are summarized below: the environmental conditions slightly degraded 
the normalized stress capacity and barely affected the axial strain capacity.   
By comparing NLNW with NLW, and LNW with LW, the additional effects of 
continuous water immersion on the CFFT cylinders are summarized below: the 
continuous water immersion insignificantly further deteriorate both the normalized stress 
and axial strain capacities. The absorbed moisture of the GFRP during continuous water 
immersion caused swelling stresses, and the volume expansion of the absorbed water 
when frozen during wet freeze/thaw cycles generated additional internal stresses among 
the epoxy resin and along the fiber/resin interphase. Such stress state resulted in resin 
micro-cracks and fiber/resin interphase debonding (Karbhari et al. 2002; Micelli and 
Nanni 2004; Xiao and Shanahan 1997).  
By comparing NLNW with LNW, and NLW and LW, the additional effects of the 
sustained axial load on the CFFT cylinders are summarized below: the sustained load did 
negligible further degradation on both the normalized stress and axial strain capacities. 
The material supposed to be more vulnerable to the corrosion medium under sustained 
stresses (Zaman et al. 2013), however, the used GFRP tube seemed not to be very 
sensitive to the sustained load.  
4.1.4. Energy Dissipation Capacity. As mentioned before, one out of three 
higher CFFT cylinders in each group was conducted cyclic compression test to see the 
seismic resistant ability after conditioning. Energy dissipation capacity of each CFFT was 
calculated as the area covered by each loop in the cyclic stress-strain curve and only the 




be seen from the figure, all the conditioned CFFT cylinders generally dissipated more 
energy than the UC cylinder throughout the cyclic loading history, with LW cylinder 
dissipated the most, corresponding to approximately 25% greater than the UC cylinder. 
No clear difference was found between each conditioned CFFT.  
The environmental conditions embrittled the GFRP tube due to freeze/thaw cycles, 
making micro-cracking more easily take place among the resin phase and along the 
fiber/resin interphase upon being applied cyclic pressure. The additional water immersion 
and sustained axial load caused more micro-cracks due to the internal stress state. The 
repeated opening and closing of those micro-cracks during cyclic compression test helped 
consume extra energy, resulting in the energy dissipation curves of the conditioned 
cylinders staying higher than that of the UC cylinder.  
4.2. SPLIT-DISK TENSILE TEST 
The mechanical properties of GFRP rings from each group of CFFTs are 
displayed in Table 6 and Fig. 13. The changes of the maximum strengths and maximum 
hoop strains of the GFRP rings generally were similar to those of the CFFT cylinders 
under compression, i.e.: the environmental conditions had little degradation effect on 
both the maximum strength and maximum hoop strain, the additional sustained load 
slightly further degraded both properties, and the additional water immersion deteriorated 
both properties more severely than the sustained load, but also very limited.  
4.3. MICROSTRUCTURAL ANALYSIS BY SEM 
Fig. 14 presents the SEM images of the outer surface of the UC sample and all the 




generated due to imperfect sample preparation activities including cutting and polishing. 
Unfilled resin holes were also found in some of the samples due to imperfect 
manufacturing process. Besides those imperfections, no obvious defect was observed on 
the conditioned samples compared to the UC sample. Therefore, the environmental 
conditions and sustained load did not affect the microstructural properties of the GFRP 
tube.  
4.4. CHEMICAL ANALYSIS BY EDX AND FTIR 
Multiple glass fibers at the outer surface of each GFRP sample were scanned in 
area mode under EDX, and the average weight percentage of each element were 
displayed in Fig. 15 and Table 7. As can be seen that the weight percentages of Na, Mg, 
Al, and Ca barely changed between each sample, suggesting that the glass fibers of the 
GFRP tube were not affected by the absorbed moisture during conditioning.  
FTIR spectra and absorbance intensities of OH and CH bonds for all the samples 
are shown in Fig. 16 and Table 8. All the spectra share the similar pattern, with the 
maximum band of OH bond located at the wavenumber of 3421 cm
-1
, and the maximum 
band of CH bond located at the wavenumber of 2926 cm
-1
. The OH/CH ratios for NLNW 
and LNW samples, corresponding to 1.025 and 1.027, respectively, were quite close to 
that for UC sample corresponding to 1.050. The OH/CH ratios for NLW and LW samples, 
however, increased up to 1.212 and 1.378, respectively. The results indicated that 
moisture penetrated into the GFRP tubes that were immersed in water continuously 
during environmental conditioning, and part of that residual water were still connected to 
the epoxy network through hydrogen bonds even after being kept under the laboratory 




water tank in the environmental chamber. The absorbed moisture caused swelling stresses 
in the epoxy resin, leading to micro-cracks among the resin and along the fiber/resin 
interphase, and eventually degradation of mechanical properties of the GFRP (Lu et al. 
2001; Xiao and Shanahan 1997), as observed from previous CFFTs’ compression tests 
and GFRP rings’ tensile tests. 
 
5. CONCLUSIONS 
The paper has presented the results of an experimental study on the performance 
of CFFT cylinders subjected to combined freeze/thaw, wet/dry and heating/cooling 
cycles with additional sustained axial load and continuous water immersion conditions. A 
total of 15 CFFT cylinders were tested under compression and the associated GFRP rings 
were performed split-disk tensile tests. Samples extracted from the GFRP tubes were 
conducted SEM, EDX and FTIR material characterization tests. Based on the test results, 
several conclusions can be drawn and shown as below: 
1. Combined freeze/thaw, wet/dry and heating/cooling cycles barely degrade the 
strength and axial strain of the CFFT. 
2. Continuous water immersion during environmental conditioning slightly 
deteriorates the strength and axial strain of the CFFT. The volume of the absorbed 
moisture in the epoxy resin is expanded once the moisture is frozen during wet 
freeze/thaw cycles. Also the absorbed moisture causes swelling stress among the resin 
and fiber/resin interphase. Both mechanisms attribute to the further mechanical properties 




3. The sustained axial load on the CFFT cylinders during environmental 
conditioning also further deteriorate the strength and axial strain capacities of the CFFT 
cylinders, but to a very limited range for the GFRP tubes used in this experiment. 
4. The changes of the mechanical properties of the GFRP rings share the similar 
trend with that for the CFFT cylinders.  
5. The conditioned CFFTs dissipate more energy than the unconditioned ones 
under cyclic compression, due to the repeated opening and closing of the micro-cracks 
among the epoxy of the GFRP tubes. Those micro-cracks are generated due to the 
embrittleness of the GFRP after freeze/thaw cycles and the absorbed moisture if the 
CFFTs are immersing in the water.  
6. The environmental reduction factor for the tested CFFTs is estimated to be 0.9 
for bridge columns built in the Midwest of the United States for a 20-year service period.   
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Figure 1. (a) Specimens and load frames inside the environmental chamber; (b) load 
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Figure 11. Averaged maximum normalized stresses and strains for all the CFFTs with ± 

































































































































   
(a)                                                         (b) 
   
(c)                                                         (d) 
 
(e) 
Figure 14. SEM images for the outer surfaces of (a) UC; (b) NLNW; (c) NLW; (d) LNW; 
and (e) LW (X150 magnification) 
UC
fiber scratches due to 
sample preparation
NLNW
fiber and resin scratches 
due to sample preparation
unfilled resin hole due 
to manufacturing
NLW
unfilled resin hole due 
to manufacturing
LNW
fiber scratches due to 
sample preparation
LW
fiber scratches due to 
sample preparation





    
(a)                                                                               (b) 
    
(c)                                                                                 (d) 
 
(e) 
Figure 15. EDX analysis results for glass fibers at the outer surface of (a) UC; (b) NLNW; 
(c) NLW; (d) LNW; and (e) LW samples 
UC outer fiber
C     2.83%
O     34.77%
Na    0.56%
Mg   1.97%
Al     8.30%
Si     34.70%
Ca    16.87%
NLNW outer fiber
C     3.15%
O     31.91%
Na    0.51%
Mg   1.96%
Al     8.55%
Si     35.72%
Ca    18.20%
NLW outer fiber
C     3.88%
O     30.05%
Na    0.49%
Mg   2.02%
Al     8.57%
Si     36.45%
Ca    18.56%
LNW outer fiber
C     3.75%
O     29.05%
Na    0.45%
Mg   2.07%
Al     8.70%
Si     36.60%
Ca    19.38%
LW outer fiber
C     3.71%
O     29.09%
Na    0.52%
Mg   1.99%
Al     8.54%
Si     36.58%
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* 
HRWRA: high range water reducer admixture.   VEA: viscosity enhancing admixture. 
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 0.051 0.155 
COV
*
 5% 6% 





SD 0.025 0.196 
COV 2% 7% 





SD 0.034 0.271 
COV 3% 10% 





SD 0.064 0.106 
COV 6% 4% 





SD 0.078 0.259 
COV 7% 10% 
Retention 91% 92% 












Maximum hoop strain 
(%) 
UC 
Average 275.67 0.96 
SD 11.53 0.10 
COV 4% 11% 
Retention 100% 100% 
NLNW 
Average 268.30 0.92 
SD 10.47 0.19 
COV 4% 20% 
Retention 97% 96% 
LNW 
Average 261.14 0.89 
SD 4.63 0.13 
COV 2% 14% 
Retention 95% 93% 
NLW 
Average 247.39 0.90 
SD 10.34 0.06 
COV 4% 7% 
Retention 90% 94% 
LW 
Average 243.86 0.86 
SD 9.57 0.12 
COV 3% 13% 
Retention 88% 90% 
 
 
Table 7. Weight percentage of the existed elements in glass fibers from each sample 
Specimen 
Weight Percentage (%) 
C O Na Mg Al Si Ca 
UC 2.83 34.77 0.56 1.97 8.30 34.70 16.87 
NLNW 3.15 31.91 0.51 1.96 8.55 35.72 18.20 
NLW 3.88 30.05 0.49 2.02 8.57 36.45 18.56 
LNW 3.75 29.05 0.45 2.07 8.7 36.6 19.38 







Table 8. Absorbance intensity of OH and CH bonds for each sample 
Specimen OH CH OH/CH 
UC 1.057 1.007 1.050 
NLNW 0.944 0.921 1.025 
LNW 1.041 1.014 1.027 
NLW 0.767 0.633 1.212 





IV. EFFECTS OF ACCELERATED SEAWATER CORROSION ON CFFT 
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In recent decades, concrete-filled fiber reinforced polymer tube (CFFT) columns 
have gain increasing popularity in bridge construction area as alternatives to conventional 
reinforced concrete columns. CFFT column is advantageous on mechanical behavior and 
construction feasibility attributed to the superior properties of the FRP tube. However, 
one obstacle hindering the greater acceptance of FRP as conventional construction 
materials in civil infrastructure application is the susceptibility of FRP to long-term 
severe environmental exposures. The purpose of this study is to investigate the durability 
of CFFT columns subjected to seawater corrosion, which is the scenario for seashore 
bridges. CFFT cylinders were immersed in simulated seawater with two different 
elevated temperatures for up to 450 days. Sustained axially load was also applied to the 
cylinders to simulate the real-life service load. Compression tests and hoop tensile tests 
were carried out on both pre and post-conditioned specimens. Test results showed the 




ambient temperature increased.  CFFT bridge columns built in sea area near San 
Francisco, USA were estimated to be degraded by 12% in the strength after 50 years. 
  
1. INTRODUCTION 
Chloride-induced corrosion of conventional reinforced concrete structures, 
especially for bridge columns in marine environment, has been a critical issue during the 
past few decades (Torres-Acosta and Martínez-Madrid 2003; Val and Stewart 2003). One 
of the alternatives is to cast the concrete directly into a fiber-reinforced polymer (FRP) 
tube, which is so called concrete-filled FRP tube (CFFT), so that the FRP tube can 
protect the concrete from direct contact with seawater. However, the rigorous durability 
evaluation of the CFFT subjected seawater corrosion still faces uncertainties due to the 
lack of enough experimental data.  
FRP is composed of fiber and resin, where polyester is one of the typical resin 
materials in civil engineering application. Polyester is vulnerable to hydroxyl ions in 
water due to hydrolysis process on ester group, which is the weakest bond in polyester 
resin. The reaction is very slow but can be accelerated at the presence of dilute acid or 
alkali. Absorbed moisture can also plasticize the resin and induce differential swelling 
stresses (Chen et al. 2007). Plasticization reduces the stiffness and glass transition 
temperature (Tg) of the resin, while swelling stress causes micro-cracks among the resin 
(Robert and Benmokrane 2013; Schutte 1994). The performance of FRP composites 
would be weaken dramatically if the ambient temperature exceeds the Tg of the 




In terms of fibers, bare glass fibers in high pH environment are severely damaged 
due to leaching and hydrolysis (Karbhari et al. 2002; Robert and Fam 2012). Although 
resin can act as a protection layer to prevent fibers from direct contact to chemical 
solution, the solution that carries detrimental ions can still diffuse through the bulk resin, 
or wick along fiber-matrix interface, and eventually deteriorate the fibers.  
Only one study has been done so far on the durability of CFFT cylinders 
subjected to long-term saltwater corrosion, as to the author’s knowledge. Robert and Fam 
(Robert and Fam 2012) submerged CFFT cylinders into salt solution at different elevated 
temperatures for up to 1 year, and tested the FRP rings cut from the outer FRP tube after 
certain time periods. Test results showed that the hoop tensile strength of the FRP rings 
reduced by 11% to 21% after 1 year immersion, with more severe degradation for higher 
exposure temperature. However, no significant changes on physical, chemical or thermal 
properties were detected for the FRP material. 
 
2. RESEARCH SIGNIFICANCE 
As mentioned, Robert and Fam (Robert and Fam 2012) are the only research team 
who investigated the durability of CFFT cylinders subjected to salt solution. However, 
the specimens in Robert and Fam’s study were not axially loaded during conditioning, 
which did not represent the true condition. Also, the compressive strengths of the CFFT 
cylinders, which are more important to design engineers, were not measured in the 
experiment. In addition, the research on FRP made with polyester resin is another gap 
that has been paid less attention before in civil infrastructure area. Polyester is about 30% 




(http://www.uscomposites.com/prices.html). The low cost of polyester-based FRP makes 
it an economical material for wider application in civil infrastructure area, as long as its 
long-term durability can be justified. Lastly, self-consolidating concrete (SCC) has 
gained increasing popularity in infrastructure construction, including CFFT bridge 
columns. The higher alkalinity in SCC compared to conventional concrete (Okamura and 
Ouchi 2003) results in more durability risks for glass fibers in CFFT application.  
This study presents the durability evaluation of CFFT cylinders submerged into 
simulated seawater for up to 450 days at different elevated temperatures, while the 
cylinders were subjected to sustained axial load. Prefabricated glass fiber-reinforced 
polymer (GFRP) tubes made with polyester resin were used in this experiment. 
Compression tests were conducted on cylinders while hoop tensile tests were carried out 
on FRP rings, for both pre and post-conditioned samples. In addition, scanning electron 
microscopy (SEM), energy dispersive x-ray (EDX), fourier transform infrared (FTIR) 
spectroscopy, and differential scanning calorimetry (DSC) tests were conducted on GFRP 
samples to check if there’s any changes on physical, chemical or thermal properties of the 
GFRP tube during seawater immersion.  
 
3. EXPERIMENTAL PROGRAM 
3.1. MATERIAL PROPERTIES 
The FRP tube was fabricated by filament winding process that used an isothalic 
polyester thermosetting resin to impregnate strands of continuous glass filaments with 
+53
°
 winding angle along the longitudinal direction. Tensile tests were conducted on 




replicated samples were tested for each type of specimens and the average values were 
shown in Table 1. 
Self-consolidating concrete (SCC) was used to cast all of the CFFT and 4 in. × 8 
in. unconfined concrete cylinders (Table 2). ASTM C39 was followed to test the 28
th
 day 
compressive strength and the average value was 7,857 ± 241 psi.  
3.2. SPECIMEN PREPARATION 
All the cylinders in the experiment were divided into two groups: the conditioned 
specimens and the control specimens. Four sets of conditioned cylinders were put into a 
tank filled with simulated seawater and taken out to test at four different time periods, 
while one set of control cylinders were kept in the laboratory under constant temperature 
and moisture. Each set of cylinders had three 12 in. high specimens for the compression 
tests and one 9 in. high specimens for the hoop tensile strength test and material 
properties test. Instead of being kept in the moisture room, all of the cylinders were cured 
under laboratory condition and covered with plastic cloth so that unrelated moisture and 
temperature influence can be removed. In addition, to simulate CFFT columns of the 
seashore bridge in reality where concrete isn’t exposed to outside environment directly, 
the top and bottom concrete surfaces of the cylinders were coated with a thin layer of 
epoxy (Fig. 1b). An end grinder machine was used to grind both surfaces of each cylinder 
to be smooth and flat before coating (Fig. 1a). 4 in. x 8 in. unconfined concrete cylinders 
coated with the epoxy stayed in the tank the same time period as the CFFT cylinders, and 






3.3. INSTRUMENTATION AND TEST SETUP FOR SEAWATER TANK 
Four sets of conditioned CFFT cylinders were placed into half side of the tank 
together with four sets of another type of cylinders staying in the other half. Only the 
CFFT cylinders will be focused in this paper. Each four sets were arranged into five 
stacks: four stacks of three 12 in. high cylinders in series and one stack of four 9 in. high 
cylinders in series, which resulted in the same total height for all the five stacks. Steel 
plates were placed on top and underneath the tank to sandwich the cylinders with post-
tensioned Dywidag bars passing through. Heavy duty steel springs were placed at the 
bottom to sustain the load. Hydraulic jacks were used to apply the load and the load was 
monitored by load cells during the loading process (Fig. 2). The target axial pressure on 
each cylinder was 1 ksi corresponding to 10% of the cylinder’s design axial load capacity, 
which is a common ratio for the service load on a bridge column in the United States 
(Anumolu et al. 2016; Wang et al. 2014). Strain gauges were applied on each Dywidag 
bar to monitor the load relaxation, and the setup was reloaded if necessary.  
Three tank setups were built and each one was filled with simulated seawater to 
fully immerse all the cylinders. The simulated seawater contained 3.5% NaCl by mass 
and the pH value was adjusted to 8.2 by adding proper amount of 0.1N sodium hydroxide 
solution per ASTM D1141. Heaters and temperature controllers were instrumented to 
keep the water temperature 73°F, 95°F, and 140°F constant for the first, second, and third 
tank, respectively. Water pumps and timers were used to circulate the seawater in order to 
make the temperature and salinity uniform everywhere. Seawater samples were obtained 
from each tank twice a week to test the salinity and pH, and fresh seawater solution was 




the cylinder stack. One set of the cylinders were taken out of the tank after certain time 
periods and the actual immersion time were 90, 196, 297 and 450 days for the first tank, 
and 93, 200, 300, and 450 days for the second and third tanks, respectively. 
3.4. INSTRUMENTATION AND SETUP FOR COMPRESSION AND HOOP 
TENSILE TESTS 
After being taken out of the tank, each set of conditioned cylinders was kept 
under laboratory conditions for at least one week before testing. The control specimens 
were tested at the same time with the first period of the conditioned cylinders. An MTS 
580 loading frame was used to conduct the compression test on the 12 in. high cylinders 
(Figure 3a). For each set of the three 12 in. high cylinders, two of them were applied 
monotonically increasing load at a 0.02 in/min displacement rate until failure, while the 
third one was applied cyclic compressive load with the same displacement rate, and three 
cycles at each targeted displacement level (Figure 3b). Two linear variable displacement 
transformers (LVDTs) were anchored underneath the top loading plate to monitor the 
vertical global deformation. Two strain gauges were bonded to the FRP tube surface at 
the middle height along the hoop direction to track the local hoop strains of the FRP.  
Split tensile tests were performed on an MTS 880 universal testing machine for 
the FRP rings (Figure 4). The concrete core of the 9 in. high cylinder was carefully 
chiseled out to obtain the separated FRP tube, and the tube was then cut into 1 in. wide 
ring specimens. Two semicircle steel plates were embedded inside the ring and pulled the 
ring in tension when the top loading head moved upward. Two strain gauges were 
bonded on the middle of the ring on the two sides. The load was applied monotonically at 




3.5. SCANNING ELECTRON MICROSCOPY (SEM) AND ENERGY 
DISPERSIVE X-RAY (EDX) 
SEM test is a method to detect any micro-scale physical changes happened on a 
material sample by magnifying the suspicious spot to a proper scale. GFRP cross-
sectional surfaces for both control and conditioned specimens were conducted the SEM 
test to visually examine the effects of seawater immersion on glass fibers, polyester resin 
and fiber/resin interphases.  
EDX test is a technique to identify the chemical composition of a material surface 
and is typically used in conjunction with SEM test on the same sample. EDX test for this 
experiment is mainly to detect if there’s any chemical corrosion happened on the glass 
fibers during conditioning. EDX is not capable of detecting elements with very light 
molecule weight, like hydrogen (H) which was generated during polyester hydrolysis 
reaction; thus, is not useful to determine if polyester resin was corroded through 
hydrolysis.  
FRP samples with size of approximately 0.4 in. x 0.4 in. x 0.1 in. were cut from 
FRP tubes separated from each 9 in. high CFFT cylinders and the manufacture as-
delivered tube (Fig. 5). A sequence of grit 800, 1200 sandpapers and 1 um suspended 
diamond paste was used to polish the sample surface. The test was performed on 
HITACHI S-4700 scanning electron microscope. 
3.6. FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY 
FTIR test is a technique to identify chemical bonds (functional group) in organic 
molecules based on infra-red (IR) light spectroscopy. Compared to the EDX test, FTIR is 




generated during hydrolysis reaction on polyester resin. While carbon-hydrogen (CH) 
bond is considered to be constant in the polyester resin, an increase of OH/CH amount 
ratio indicates polyester hydrolysis.  
Small chips were cut from the outside surface of the GFRP tube and ground in a 
mortar to separate the glass fibers from the bulk polyester resin. The leftover resin was 
further ground into fine powder, and mixed with dry FTIR grade KBr powder with a ratio 
of approximately 1:10.  The mixture was ground again to be uniform and homogeneous. 
A KBr pellet was obtained by compressing a layer of mixed powder under approximately 
10,000 psi pressure for one minute. The FTIR tests were performed on a Nicolet Nexus 
4700 FT-IR Spectrometer with IR transmission method.  
3.7. DIFFERENTIAL SCANNING CALORIMETRY (DSC) 
DSC test is powerful to detect the glass transition temperature Tg of amorphous 
polymers like polyesters, where a reduced Tg indicates degradation, either physical 
plasticization or chemical hydrolysis, occurred on the polyester. DSC test samples were 
obtained by cutting GFRP chips with weight of approximately 2 – 10 mg per piece from 
near-seawater surface of each GFRP tube. The test was performed on a TA Instruments 
DSCQ10 calorimeter per ASTM E1356-08 with 5°C/min heating rate and 25°C to 195°C 
temperature range. 
   
4. TEST RESULTS AND DISCUSSION 
Results from SEM/EDX, FTIR and DSC tests for the second and fourth periods of 
specimens from each tank will be presented and discussed first, followed by the 




respectively. The nominations for the samples are MFR (manufacturer), UC 
(unconditioned), and T#P# (first number symbol represents tank sequence, ranging from 
T1 for tank 1 to T3 for tank 3, while the second number symbol represents time period 
sequence, ranging from P1 for period 1 to P4 for period 4).  
4.1. MICROSTRUCTURE IMAGES FROM SEM TEST 
SEM tests were performed on the outer surfaces of the MFR and UC samples as 
reference (Fig. 6). Manufacture imperfections caused unfilled resin holes and sample 
preparation activities, including cutting and polishing, caused fiber cracks on the UC 
sample.  
The outer surfaces of the selected conditioned samples showed varying degrees of 
damage on resin and fiber/resin interphases (Fig. 7). Generally the damage was more 
severe as the seawater temperature got higher and the immersion time got longer, where 
the immersion time dominated the effect. T1P2 demonstrated no obvious damage besides 
the unfilled resin holes due to manufacture imperfections, while T2P2 showed slight 
fiber/resin interphase debonding and T3P2 showed more cracks on resin and fibers. On 
the other hand, T1P4, T2P4 and T3P4 showed obvious resin and fiber cracks and 
fiber/resin interphase debonding. The resin cracks and fiber/resin interphase debonding 
were caused by the swelling stresses generated during moisture absorption of the resin, 
which only affect a limited depth, namely the resin-rich region and interphase between 
resin-rich region and fiber-rich region. The fiber cracks were due to cutting or polishing 
during sample preparation. These were confirmed with EDX and FTIR analysis as 




4.2. CHEMICAL COMPOSITION FROM EDX TESTS 
The EDX analysis results for glass fibers located in outer surfaces of the FRP 
tubes for MFR, UC and selected conditioned samples are illustrated in Fig. 8, with weight 
percentage for each chemical element. The used glass fiber was shown to be normal E-
glass instead of alkali-resistant (AR) glass since there was no zirconium (Zr) element 
presented any glass fiber. One of the possible chemical reactions happened on glass fibers 
in this area could be fiber leaching (or ion exchange) due to absorbed moisture, as shown 
in Eq. 1 listed below: 
                                               + -
2Si-O-Na + H O  Si-OH + Na  OH                           (1) 
As a result, Na
+
 ions leached out from the glass structure resulted in the decrease 
of Na
+
 content in the glass fiber. Similar to Na
+









 which are typically available in the glass fiber composition, can also be extracted 
out and the leaching process continues as long as these ions are available in the glass 
structure (Barkatt 2001). Fig. 8 shows that the weight percentage of Na, Mg, Al and Ca 
elements for all the selected conditioned samples were close to each other and similar to 
those of the MFR and UC samples, indicating that fiber leaching barely happened at the 
outer surface of the FRP tubes for the conditioned specimens. 
Another possible chemical corrosion for near-seawater glass fibers is hydrolysis 
by alkaline ions, which, however, must first penetrate through the resin layer in order to 
attack the glass fibers. The source of hydroxyl ions (OH
-
) for the used simulated seawater 
came from sodium hydroxide (NaOH) solution. Since EDX cannot detect OH
- 
ions, the 
observation of large amount of Na
+
 ion in the near-seawater resin is an indication of 
alkali migration, because the OH
-
 ions have to diffuse together with Na
+




charge neutrality (Aftab A. Mufti and John 2007). EDX results for the resin at outer 
surfaces of the FRP tubes (Fig. 9) show no Na
+
 ion existed in any of the samples. 
Therefore, the polyester resin successfully prevented the detrimental ions from the 
adjacent seawater to seep through and well protected the inside glass fibers from 
hydrolysis corrosion. 
4.3. CHEMICAL COMPOSITION FROM FTIR TESTS 
FTIR spectra for resin at outer surfaces of the FRP tubes from the MFR, UC, and 
selected conditioned samples are illustrated in Fig. 10. The OH bond corresponded to the 
wavenumber of 3438 cm
-1
 and the CH bond located at the wavenumber of 2924 cm
-1
. It 
can be seen that the spectra for all the samples were nearly identical. The OH/CH ratios 
for the MFR, UC, T1P2, T1P4, T2P2, T2P4, T3P2 and T3P4 were 1.01, 0.99, 0.95, 1.00, 
1.01, 0.95, 0.99 and 1.01, respectively. The OH/CH ratios for the conditioned samples 
were very close to those for the MFR and UC, suggesting that the moisture and low-
concentrated sodium hydroxide from the seawater solution did not affect the polyester 
resin through hydrolysis reaction.  
4.4. THERMAL PROPERTIES FROM DSC TEST 
The Tg values for polyester at outer surfaces of the FRP tubes from the MFR, UC, 
and the selected conditioned samples are listed in Table 3. Two scans were performed for 
each sample, including heating, cooling, and re-heating process. The first scan was able 
to tell if the conditioned polyester was deteriorated during soaking, where degraded resin 
possessed reduced Tg. The second scan could determine whether the deterioration, if 




degraded sample was still lower than that of the reference specimen after the second run, 
the degradation was caused by permanent chemical hydrolysis. On the other hand, if the 
degraded sample’s Tg became close to that of the reference sample after the second run, 
the reduced Tg was due to incomplete curing and the resin was further cured by the heat 
from the second run. Table 3 shows that Tg of all the selected conditioned samples were 
almost identical and close to those of the MFR and UC samples for both runs, with values 
being around 133°C to 134°C. The Tg values of all the samples slightly increased from 
the first run to the second run. The test results indicate that the polyester of all the 
original FRP tubes was almost fully cured and there was no hydrolysis reaction occurred 
on them during seawater immersion. 
4.5. COMPRESSION TESTS 
4.5.1. Failure Mode. For the compression tests, all the CFFT cylinders failed 
with zig-zag rupture on the FRP tube followed by diagonal shear fracture of the concrete 
core (Fig. 11). The trace of the fracture followed the winding angles of the fibers. The 
brittle failure modes of the concrete core were attributed to the relatively high strength of 
the concrete, which was 7,857 ± 241 psi on the 28th day. Thin FRP laminates debonded 
from the tube surface at some spots for the conditioned specimens (circled in Fig. 11), 
while this phenomenon was not found on the unconditioned cylinders. This delamination 
was caused by the resin cracks and fiber/resin debonding, as shown in SEM images. 
4.5.2. Stress Strain Behavior. The normalized stress vs. strain curves in both 
vertical and hoop directions for the representative CFFT cylinders from all the three tanks 
are shown in Fig. 12. The normalized stress is defined as the compressive stress of the 




calculated as the compressive load divided by the cross-section area of the concrete core, 
with the axial load capacity of the FRP tube being neglected due to its small amount 
compared to that of the concrete. The strength of the concrete core was acquired by 
testing the 4 in. x 8 in. unconfined concrete cylinders at the day of CFFT’s test.  
The curves in the axial direction could be generally divided into three stages. The 
first stage included a linearly increasing line until the load reached approximately the 
compressive strenght of the unconfined concrete, corresponding to 1.0 of the normalized 
stress. Only the concrete core was compressed during this stage without the FRP tube 
being activated. The second stage started once the small cracks occured on the concrete 
and the FRP tube was fully actived due to concrete dialation. The CFFT cylinder kept 
carrying more load but with reduced stiffness during this stage. Because of the brittle 
nature of the high strenght concrete, the ascending curve soon dropped suddenly when 
the small cracks develped into a major crack, and the descending curve continued until 
the CFFT cylinder failed due to fracture of the FRP tube, which corresponding to the last 
stage. This three-stage trend can also be found in other researchers’ previous experiments 
(Cui and Sheikh 2010; Siddhwartha Mandal and Amir 2005) which also used high 
strength concrete. The conditioned cylinders demonstrated quite similar elastic modulus 
with those of the unconditioned cylinders, indicating that the seawater soaking did not 
significantly affect the elastic modulus of the concrete core, since the elastic modulus of 
the CFFT cylinder was dominated by the modulus of the unconfined concrete core. The 
hoop strain of the cylinder barely increased during the first stage, indicating the FRP tube 
was not activated yet during this stage. The hoop strain began to increase since the 




The statistics collection of the stress strain properties for CFFT cylinders from all 
the tanks are listed in Table 4, and the retention values vs. soaking time are depicted in 
Fig. 13 for maximum normalized stress, maximum axial strain and maximum hoop strain, 
respectively. The retention is defined as the ratio of a property of the conditioned sample 
to the property of the unconditioned sample. It can be seen that the normalized stress and 
axial strain got degraded as immersion time passed, while the hoop strain got increased or 
barely changed during the first two periods, and were decreased dramatically for the later 
time periods. The higher temperature of the seawater intensified the deterioration effect 
to the CFFT cylinders, with more effect on the strains than the stress. The CFFT stress-
strain model from Teng et al. (Teng et al. 2009) shows both the ultimate stress and axial 
strain of the CFFT are positively correlated to the elastic modulus and hoop strain 
capacity of the FRP tube, but the axial strain is in a higher order correlation with the hoop 
strain. Therefore, any changes to the hoop strain of the FRP would affect more on the 
axial strain than on the stress. 
Several degradation mechanisms occurred on the FRP during soaking which can 
affect the elastic modulus and hoop strain of the FRP. The absorbed moisture softened 
and plasticized the resin, leading to the reduced elastic modulus and increased hoop strain 
for the FRP tube during initial period. However, as more moisture permeated, micro-
cracks on the resin and fiber/resin debonding occurred due to swelling stresses, as 
observed in SEM tests. The hoop strain capacity of the FRP tube was severely decreased 
due to those cracks and debonding. On the other hand, higher temperature increased the 
moisture absorption rate (Miguel A. Pando 2006), making the cracks and debonding 




temperature also intensified the formation of the cracks and debonding. All the above 
mechanisms resulted in the changes of the hoop strain throughout the entire immersion 
period, as shown in Fig. 13. 
For the first two periods in the first tank, the elastic modulus got decreased more 
than how much the hoop strain got increased; thus, the normalized stress of the CFFT 
cylinder was still reduced while the axial strain barely changed or got slightly decreased. 
As immersion time passed, the hoop strain became decreased, leading to more reduction 
in the axial strain than the normalized stress for the CFFT cylinder during the later time 
periods. For the second and third tanks with higher temperatures, smaller increase in the 
hoop strain during the first two periods resulted in more obvious degradation on both of 
the normalized stress and axial strain of the CFFT cylinder. 
4.5.3. Energy Dissipation Capacity. One of the three 12 in. high CFFT cylinders 
in each period was tested under cyclic compressive load in order to investigate the 
earthquake-resistant performance and energy dissipation capacity. The dissipated energy 
curves for cylinders in each tank are depicted in Fig. 14. The dissipated energy was 
calculated as the area covered by each loop cycle. There were three cycles per each 
displacement level and the energy values from the first loop of each level were taken as 
the vertical axis values in the figures. The horizontal axis represented the maximum axial 
strains in the first loop of every level.  
The dissipated energy increased with the increase of the axial strain for all the 
cylinders, not only because the compressive load got higher at larger axial strain, but also 
due to more micro-cracks and debonding occurred in the FRP during the later stage. The 




extra energy for the cylinder. The conditioned cylinders from the first tank with 73°F 
ambient temperature generally dissipated less energy than the unconditioned specimens at 
small axial strains. However, the energy dissipation curves got improved and became 
close to the unconditioned one for CFFT cylinders from the second tank with 95°F 
ambient temperature, which was due to more micro-cracks and debonding existed in the 
FRP with higher ambient temperature. The improvement from the second tank to the 
third tank with 140°F ambient temperature was not significant. The conditioned CFFT 
cylinders failed early as the conditioning temperature increased. No clear conclusion can 
be drawn about the effects of soaking time on the energy dissipation capacities of CFFT 
cylinders.  More work is suggested in the future to test more replicated samples for each 
condition in order to get more solid conclusions.  
4.6. HOOP TENSILE TESTS 
Hoop tensile tests conducted on FRP rings can reflect the mechanical properties 
change of the FRP tube during seawater immersion. At least three ring samples cut from 
each 9 in. high FRP tube were tested and the average values were taken accordingly. The 
maximum stresses and strains for the FRP rings from each tank are displayed in Table 5 
and Fig. 15. As immersion time passed, the maximum stresses of the FRP rings were 
slightly decreased continuously. Higher temperature did not have significant effect in 
further reducing the stress. The changes of the maximum strain of the FRP rings, as 
expected, were quite similar to that of the hoop strain for CFFT cylinders, further validate 
the previous conclusion about the effect of immersion time and temperature on the hoop 




rings were smaller than those for the FRP tube, mainly because much less fibers 
participated in tension for the 1 in. wide rings compared to the 12 in. wide tubes.  
4.7. PREDICTION OF LONG-TERM BEHAVIOR 
The data obtained from this experiment can be used to establish a long-term 
behavior prediction curve for CFFT columns in marine environment, by using the 
Arrhenius law and following the procedures proposed by Bank et al. (Bank et al. 2003). 
According to Bank et al.’s paper, three conditions should be satisfied in order to apply the 
Arrhenius relation. First, the conditioning temperature cannot be close to the glass 
transition temperature of the FRP. Second, the FRP must be conditioned in an aqueous 
environment. Lastly, the regression lines of property retention vs. log time must have an 
R-squared value no smaller than 0.8. The experimental conditions and data in this study 
satisfied all those three requirements. A prediction curve for the retention of maximum 
axial load capacity of CFFT columns in 55°F seawater, which represents the mean annual 
seawater temperature at San Francisco, USA, is established and displayed in Fig. 16.  
The prediction curve indicates that the maximum normalized strength retentions 
of CFFT columns subjected to 54°F seawater immersion for 50 and 100 years are 88% 
and 86%, respectively. The service life of the CFFT to reach a strength retention less than 
50% is estimated to be infinity. Comparing to ACI 440.2R-08 where the estimated 
environmental reduction factor for bridge piers with GFRP materials in exterior exposure 
condition equals to 0.65, the ACI’s estimation is conservative to the prediction obtained 






5. SUMMARY AND CONCLUSIONS 
Experimental work was done in this study to investigate the durability of CFFT 
cylinders subjected to accelerated seawater corrosion at different elevated temperatures 
under sustained axial load. Three groups of CFFTs were soaked in the simulated seawater 
solution for up to 450 days with seawater temperatures of 73°F, 95°F, and 140°F, 
respectively. Compression and hoop tensile tests were performed on CFFT cylinders and 
the associated FRP rings, respectively, while SEM, EDX, FTIR, and DSC tests were 
conducted on FPR material samples. Several conclusions can be drawn based on the 
results and discussion from this study: 
1. Seawater immersion did not affect the GFRP tube chemically, i.e., no 
hydrolysis reaction occurred on both glass fibers and polyester resins. However, the 
absorbed moisture could plasticize the GFRP and cause micro-cracks in the resin and 
debonding between fiber/resin interphase due to swelling stresses. No obvious damage 
was observed for glass fibers.  
2.  As seawater immersion time passed, the maximum normalized strength and 
maximum axial strain capacity of the CFFT cylinders were degraded continuously. The 
hoop strain capacity increased at early age due to moisture plasticization effect, but was 
soon deteriorated dramatically at later age due to resin cracks and fiber/resin interphase 
debonding resulted from swelling stresses.  
3. Elevated temperature not only made the resin cracks and fiber/resin interphase 
debonding take place early by accelerating the moisture absorption rate, but also caused 
more cracks and debonding due to residual stresses and strains. The normalized strength, 




seawater temperature increased, with retention of 72%, 66%, and 28% for 450 days 
immersion at 140°F ambient temperature. 
4. The conditioned CFFT cylinders generally dissipated less energy at early age 
than the unconditioned ones. However, as ambient temperature increased, more resin 
cracks and fiber/resin interphase debonding absorbed extra energy and made the 
conditioned cylinder dissipate similar amount of energy to that of the unconditioned 
cylinder. No clear relation was observed between the energy dissipation capacity and 
seawater immersion time.  
5. Based on the prediction curve of the CFFT’s normalized strength retention 
obtained from Arrhenius law, the normalized strength retentions of CFFTs in marine 
environment in San Francisco, USA area are estimated to be 88% and 86% for 50-year 
and 100-year service life. The time needed to reach 50% strength retention was estimated 
to be infinity. The environmental reduction factor from ACI 440.2R-08 for the similar 
scenario is conservative compared to the prediction retention obtained in this study.   
Future studies may use low-strength concrete instead of high-strength concrete to 
achieve better confinement effect by the FRP tube, which is beyond the scope of this 
study. Also, more replicated cylinders for cyclic compression tests are recommended in 
order to get more solid conclusion.  
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Figure 5. Samples for SEM/EDX test 
 
 
   






















   
   Figure 7. SEM images for the outer surfaces of the selected conditioned samples (X250 
for broad view and X2000 for enlarged view) 
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Figure 8. EDX analysis for glass fibers at outer surfaces of the FRP tubes 
MFR outer fiber
C          2.99%
O          34.11%
Na         0.58%
Mg        1.38%
Al          9.55%
Si          32.48%
Ca         18.20%
UC outer fiber
C          3.41%
O          36.65%
Na         0.42%
Mg        1.21%
Al          9.01%
Si          31.50%
Ca         17.43%
T1P2 outer fiber
C          2.41%
O          35.90%
Na         0.48%
Mg        1.14%
Al          9.05%
Si          33.34%
Ca         17.70%
T1P4 outer fiber
C          2.56%
O          37.13%
Na         0.57%
Mg        1.20%
Al          8.85%
Si          32.90%
Ca         16.78%
T2P2 outer fiber
C          2.65%
O          37.55%
Na         0.44%
Mg        1.13%
Al          8.92%
Si          32.63%
Ca         16.69%
T2P4 outer fiber
C          2.02%
O          35.17%
Na         0.45%
Mg        1.19%
Al          9.02%
Si          33.85%






C          2.08%
O          34.93%
Na         0.49%
Mg        1.22%
Al          9.05%
Si          33.81%






C          2.48%
O          36.05%
Na         0.43%
Mg        1.14%
Al          8.93%
Si          33.45%




            
          
          
          
     Figure 9. EDX analysis for resin at outer surfaces of the FRP tubes 
MFR outer resin
C          76.72%
O          22.11%
Si          1.17%
UC outer resin
C          78.71%
O          20.04%
Si          1.25%
T1P2 outer resin
C          80.01%
O          19.03%
Si          0.96%
T1P4 outer resin
C          76.32%
O          22.73%
Si          0.96%
T2P2 outer resin
C          75.26%
O          24.07%
Si          0.67%
T2P4 outer resin
C          77.72%
O          21.07%






C          78.59%
O          20.73%






C          79.63%
O          19.42%


















































   
   
   
 
























































































































Tank 1 (73 F)
Tank 2 (95 F)
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Figure 16. Prediction curve between retention of maximum normalized strength vs. time 


























































6.6 0.125 8.43 1523 0.71 22.25 1936 2.24 
* OD = outer diameter; t = wall thickness; fL and fH = ultimate tensile strength in 
longitudinal and hoop directions, respectively; EL and EH = elastic modulus in 
longitudinal and hoop directions, respectively; eL and eH = failure strain in longitudinal 
and hoop directions, respectively. 
 
 






















Table 3. Glass transition temperatures for the near-seawater polyester 
Sample MFR UC T1P2 T1P4 T2P2 T2P4 T3P2 T3P4 
Tg (°C) 
1st Run 133.4 133.2 133.3 133.5 133.8 132.9 133.4 133.2 

































1.49 1.53 1.62 
COV 3% 3% 15% 11% 




1.39 1.53 2.08 
COV 8% 8% 18% 60% 




1.32 1.47 3.33 
COV 6% 6% 16% 17% 




1.28 1.44 1.19 
COV 5% 5% 15% 2% 




1.22 1.32 1.13 
COV 3% 3% 11% 6% 




1.39 1.36 1.67 
COV 8% 8% 25% 10% 




1.30 1.28 1.92 
COV 4% 3% 17% 32% 




1.25 1.21 1.18 
COV 3% 3% 6% 1% 




1.15 1.09 0.75 
COV 2% 2% 7% 13% 




1.36 1.25 1.59 
COV 7% 6% 3% 8% 




1.26 1.17 1.63 
COV 3% 3% 8% 11% 




1.19 1.09 0.91 
COV 2% 2% 4% 14% 




1.08 1.01 0.46 
COV 2% 2% 5% 3% 




Table 5. Stress strain properties of FRP rings from all the three tanks 
Specimen Maximum Stress (ksi) Maximum Strain (%) 
UC 
Average 22.33 1.95 
COV 1% 7% 
Retention 100% 100% 
T1P1 
Average 21.53 2.02 
COV 6% 6% 
Retention 96% 103% 
T1P2 
Average 20.97 2.15 
COV 9% 7% 
Retention 94% 110% 
T1P3 
Average 20.48 1.84 
COV 6% 9% 
Retention 92% 94% 
T1P4 
Average 19.82 1.77 
COV 8% 2% 
Retention 89% 90% 
T2P1 
Average 21.58 2.04 
COV 4% 7% 
Retention 97% 104% 
T2P2 
Average 21.15 1.90 
COV 9% 8% 
Retention 95% 97% 
T2P3 
Average 20.18 1.57 
COV 1% 15% 
Retention 90% 80% 
T2P4 
Average 19.57 1.40 
COV 4% 6% 
Retention 88% 72% 
T3P1 
Average 21.24 1.97 
COV 4% 8% 
Retention 95% 101% 
T3P2 
Average 20.54 1.86 
COV 6% 9% 
Retention 92% 95% 
T3P3 
Average 19.78 1.42 
COV 1% 9% 
Retention 89% 73% 
T3P4 
Average 19.23 1.22 
COV 8% 9% 




V. EFFECTS OF ACCELERATED SEAWATER CORROSION ON HC-FCS 
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ABSTRACT   
Fiber-reinforced polymer (FRP) has been introduced into civil engineering over a 
century. One of its most recent application in bridge construction area, namely hollow-
core FRP-concrete-steel (HC-FCS) columns, have demonstrated superior advantages on 
mechanical behavior and ease of construction as alternatives to conventional reinforced-
concrete bridge columns. However, one obstacle still hindering the greater acceptance of 
this new type of column is the susceptibility of FRP subjected to long-term severe 
environmental exposures due to the lack of enough experimental data. The purpose of 
this study is to experimentally investigate the performance of HC-FCS cylinders 
immersed in simulated seawater solution with different elevated temperatures for up to 
450 days. Sustained axial loads were applied on the cylinders during soaking to simulate 
the actual service load for the bridge columns. After the conditioning was completed, 
material characterization and mechanical tests were performed on the FRP tubes and 




showed continuous degradation on strength and axial strain capacities of HC-FCS 
cylinders as the immersion time and ambient temperature increased. The HC-FCS 
columns built in sea area with annual seawater temperature of 55ᵒF were degraded by 
approximately 40% in strength after 50 years. 
  
1. INTRODUCTION 
HC-FCS column, one of the relatively new applications of fiber-reinforced 
polymer (FRP), has been used in bridge construction area during the past decade. The 
HC-FCS column consists of an outer FRP tube, an inner steel tube, and the annular 
concrete shell in between. It not only possesses reduced weight compared to the 
conventional reinforced-concrete column, but also combines the benefits from all its three 
components. Several researchers have studied the mechanical behavior of HC-FCS 
columns [1-3]. However, the wider acceptance of using the HC-FCS column in 
infrastructure construction was questioned, concerning about the durability of the outer 
FRP tube when facing severe environmental conditions, especially in marine 
environment, since no study has been done before on the durability of HC-FCS subjected 
to seawater corrosion.  
FRP is composed of fiber, resin, and fiber/resin interphase. The properties of each 
component can be readily influenced by the complex environmental conditions. Glass 
fiber is one of the most commonly used fiber material for FRP in civil engineering 
application. It is vulnerable to high pH environment due to a combination of leaching and 




Polyester is a typical type of resin used for FRP. It can be deteriorated by 
moisture through hydrolysis process. The reaction is very slow but can be accelerated at 
the presence of dilute acid or alkali [6]. Absorbed moisture can also plasticize the 
polyester and induce swelling stresses into it, where plasticization can reduce the stiffness 
and glass transition temperature (Tg) of the polyester while swelling stresses can cause 
micro-cracks in it [7, 8]. The property of FRP will be weaken dramatically if the ambient 
temperature exceeds the Tg of the resin [9]. High temperature can also cause micro-cracks 
in the polyester due to the residual tensile stresses induced by thermal expansion of the 
polyester.   
Fiber/matrix interphase is an inhomogeneous region that transfers loads between 
fibers and resin. Moisture can wick through the interphase and deteriorate it by hydrolysis 
reaction, resulting in osmotic cracks and interphase debonding [10]. The interphase can 
also be damaged by the concentrated stresses and strains as a result of incompatible 
deformation between fibers and resin during moisture and/or temperature changes[11].  
Several researchers have investigated the moisture (including salt and alkaline 
solution) and temperature effects on different kinds of FRP composites [12-15]. 
Generally, the absorbed moisture can cause resin plasticizing and cracking, and 
fiber/resin interphase debonding. The absorption rate becomes faster as the ambient 
temperature and stress level increase. In addition, the conditioned FRP specimens are 







2. RESEARCH SIGNIFICANCE 
As mentioned before, no study has been done before to investigate the durability 
of HC-FCS columns subjected to seawater corrosion. A typical bridge column always 
sustains its axial service loads while exposed to the environmental conditions, while the 
literatures about the durability of FRP only focused on isolated environmental conditions 
without sustained loads. In addition, the research on FRP made with polyester resin is 
another gap in civil engineering application. Most of the research experiments and 
construction projects use epoxy resin, followed by less amount of cases using vinylester 
resin. The cost for polyester is approximately 70% and 50% of the price for vinylester 
and epoxy, respectively (U.S. Composites Inc.) The low cost makes polyester based FRP 
more economically competitive, should its long-term durability subjected to severe 
environmental conditions can be justified. Lastly, previous literatures focused on FRP-
concrete composite specimens using conventional concrete, while self-consolidating 
concrete (SCC) is frequently used in practical construction recently. SCC possesses 
higher alkalinity environment than conventional concrete due to its higher cementitious 
content [16], which increases the vulnerability of the GFRP tubes used in HC-FCS 
applications.   
This study presents the durability evaluation of HC-FCS cylinders submerged into 
simulated seawater solution at different elevated temperatures for up to 450 days. The 
cylinders were subjected to sustained axial load during conditioning. Prefabricated 
polyester-based glass fiber-reinforced polymer (GFRP) tubes and SCC were used in this 
study. Compression tests were conducted on cylinders while hoop tensile tests were 




scanning electron microscopy (SEM), energy dispersive x-ray (EDX), fourier transform 
infrared (FTIR) spectroscopy, and differential-scanning calorimetry (DSC) tests were 
performed on the GFRP samples to see the aging effect on physical, chemical and 
thermal properties of the GFRP. 
 
3. EXPERIMENTAL WORK 
3.1. MATERIAL PROPERTIES 
GFRP tubes used in this study were fabricated by polyester resin impregnated 
with strands of continuous glass fibers through a filament winding process, with +53
°
 
winding angle along the longitudinal direction. ASTM D3039 and ASTM D2290 were 
followed to perform tensile and split-D tensile tests on at least three replicated GFRP 
coupons and rings cut from the tubes in longitudinal and hoop directions, respectively. 
The detailed dimension and tested mechanical properties of the GFRP tube, together with 
the manufacturer data, are listed in Table 1. The manufacturer tested the GFRP tube’s 
properties per ASTM D2105 and ASTM D1599, in which much more glass fibers were 
engaged in taking forces compared to coupons and rings with angle-ply texture and short 
width, resulting in large differences between experimental data and manufacturer data. 
The outer diameter (Dos) and wall thickness (ts) of the used steel tube were 4 in. 
and 0.075 in., respectively, corresponding to Dos/ts of 53. At least three 16 in. high steel 
tubes were tested under monotonic compressive load with a 0.02in/min displacement rate. 
Coupon tensile tests were performed on at least three steel coupons cut from the steel 
tubes in the longitudinal direction per ASTM A370.  The compressive and tensile 




Self-consolidating concrete (SCC) was used to cast all the HC-FCS and 4 in. x 8 
in. unconfined concrete cylinders. The mix design is displayed in Table 3. The measured 
average 28
th
 day compressive strength of the unconfined concrete was 8031+424 psi, per 
ASTM C39. 
3.2. SPECIMEN PREPARATION 
Total numbers of 39 and 13 HC-FCS cylinders with heights of 12 in. and 9 in., 
respectively, were prepared for this experiment (Fig. 1a). The control group, including 
three 12 in. high and one 9 in. high specimens, was kept under laboratory condition. The 
rest cylinders were evenly divided into three conditioned groups and would be put into 
three replicated seawater tanks. In order to remove unrelated moisture and temperature 
effect except seawater immersion, all the cylinders were cured at room temperature with 
the top and bottom surfaces covered with plastic wraps. After curing for one month, the 
top and bottom concrete surfaces together with the inner surfaces of the steel tubes were 
coated with a thin layer of epoxy, ensuring the seawater could only penetrate through the 
GFRP tubes (Fig. 1b). 4 in. x 8 in. unconfined concrete cylinders were also casted at the 
same time with HC-FCS cylinders’ fabrication, and went through the same conditioning 
as the HC-FCS cylinders. Compressive tests would be conducted on the unconfined 
concrete cylinders at the date of HC-FCS cylinders’ tests, so that the unconfined concrete 
strength for the concrete shell inside the HC-FCS cylinders could be obtained.   
3.3. SEAWATER TANKS 
Each group of the conditioned cylinders, including twelve 12 in. high and four 9 




three 12 in. high cylinders in series and one stack of four 9 in. high cylinders in series, 
resulting in the same total height of 36 in. for all the five stacks. The other half of the 
tank was placed with concrete-filled FRP tube (CFFT) cylinders and will be briefly 
discussed at the end of this paper. The cylinders were sandwiched between steel plates 
with post-tensioned Dywidag bars passing through. Heavy duty coil springs were placed 
underneath the tank to sustain the load. Hydraulic jacks were used to apply the load and 
the force was monitored by load cells during loading process (Fig. 2). The target axial 
pressure on each column was 1 ksi, corresponding to approximately 10% of the 
cylinder’s design axial load capacity. This value is a typical load ratio for the axial 
service load of a bridge column in the United States [17]. Strain gauges were 
instrumented on each Dywidag bar to monitor the load relaxation, and the setup was 
reloaded if necessary.  
Three replicated tank setups were built and filled with seawater solution 
containing 3.5% NaCl solution by mass and 0.1N sodium hydroxide solution to adjust the 
pH value to be 8.2, per ASTM D1141. Bucket heaters and temperature controllers were 
instrumented on each tank to keep the seawater temperature 73°F, 95°F and 140°F, 
respectively. A circulator pump was placed inside each tank to circulate the seawater in 
order to make the temperature and salinity evenly distributed everywhere. Sample 
solution was obtained from each tank twice a week to test the salinity and pH, and fresh 
seawater was added if the concentration changed or the seawater level dropped below the 
top cylinders’ surfaces. The HC-FCS cylinders were soaked inside the seawater tank for 
four time periods with total of 450 days, and a set of three 12 in. high and one 9 in. high 




3.4. SETUPS FOR COMPRESSION AND SPLIT-DISK TENSILE TESTS 
After being taken out of the tanks, each set of the conditioned cylinders was kept 
under laboratory condition for at least one week before any test. The control specimens 
were tested at the same time with the 1st period conditioned cylinders. An MTS 580 load 
frame was used to conduct the compression test on 12 in. high cylinders (Fig. 3a), with 
two cylinders under monotonic loading at a 0.02 in/min displacement rate and the third 
cylinder subjected to cyclic loading at the same displacement rate (Fig. 3b). Two linear 
variable displacement transformers (LVDTs) were instrumented underneath the top 
loading plate to monitor the vertical deformation of the tested cylinder. Two strain gauges 
were bonded to the GFRP tube surface at middle height along the hoop direction to 
measure the hoop strains of the GFRP tube. In addition, two strain gauges were applied to 
the inner surface of the steel tube along the longitudinal direction at the top, middle, and 
bottom edges, respectively, to measure the vertical strains of the steel tube and capture 
any potential local buckling. 
The GFRP rings for split-disk tensile tests were obtained by first chiseling the 
concrete shell of the 9 in. high HC-FCS cylinder to separate the GFRP tube out, 
proceeding with cutting the tube into 1 in. wide ring specimens. An MTS 880 universal 
test frame was used to perform the test. Two semicircle aluminum plates were embedded 
inside the ring and pulled the ring in tension when the top loading head moved upward. A 
strain gauge was applied to each side of the ring at middle height to measure the hoop 
strains. The load was monotonically increased at a 0.1 in/min displacement rate until 




3.5. SCANNING ELECTRON MICROSCOPY (SEM) AND ENERGY 
DISPERSIVE X-RAY (EDX) 
Small chips with size of approximately 0.5 in. x 0.5 in. x 0.2 in. were cut from 
manufacturer (MFR), unconditioned (UC), and selected conditioned GFRP tubes to 
perform SEM and EDX tests (Fig. 5). SEM test was aimed to visually examine the effects 
of seawater soaking on glass fibers, polyester resin, and fiber/resin interphases. EDX 
results could tell if there was any chemical corrosion happened on the glass fibers. 
Potential hydrolysis reactions on the polyester cannot be detected by EDX technique, 
since EDX is not able to capture elements with very light molecule weight, e.g. hydrogen 
(H) element.  
Sample surfaces were polished by a sequence of grit 800, 1200 sandpapers and 1 
um suspended diamond paste. A thin layer of gold-palladium was coated on the examined 
surfaces through a vapor-deposit process right before installing the sample into the test 
machine. Both SEM and EDX tests were performed on HITACHI S-4700 scanning 
electron microscope at the same time. 
3.6. FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY 
FTIR test is a technique to detect chemical bonds (functional group) in organic 
molecules based on infra-red (IR) light spectroscopy. In contrast to EDX test, FTIR is 
capable of detecting the hydroxyl (OH) bond which is a production of polyester 
hydrolysis reaction. While the amount of carbon-hydrogen (CH) bond is generally 
considered to be constant in a resin, an increase of OH/CH ratio indicates polyester 




Small chips were cut from the outer surfaces of each GFRP tube and the glass 
fibers were removed from the chips. The leftover polyester resin was ground into fine 
powder in a mortar. The polyester powder was mixed with dry FTIR grade KBr powder 
with a mass ratio of approximately 1:10, the mixture was ground again to be 
homogeneous. The KBr pellets were obtained by compressing the mixture powder under 
10,000 psi pressure for one minute and installed in a Nicolet Nexus 4700 FT-IR 
Spectrometer machine for IR transmission method.  
3.7. DIFFERENTIAL SCANNING CALORIMETRY (DSC) 
DSC test can determine the glass transition temperature (Tg) of amorphous 
polymers like polyesters, in which a reduced Tg reflects degradation on tested materials. 
Small polyester chips having weight of approximately 2 – 10 mg per piece were cut from 
the outer surfaces of each GFRP tube. The test was performed on a TA Instruments 
DSCQ10 calorimeter per ASTM E1356-08 with 41°F/min heating rate and 77°F to 383°F 
temperature range. Two scans were performed for each sample, including heating, 
cooling, re-heating and re-cooling processes. The first scan was able to detect if there was 
any degradation occurred on the conditioned GFRP during seawater soaking. The second 
scan was used to determine whether the reduced Tg was due to incomplete curing, if the 
Tg value became close to that of the unconditioned sample, or due to permanent chemical 
hydrolysis, if the degraded sample still possessed lower value of Tg compared to that of 







4. TEST RESULTS AND DISCUSSION 
Results from SEM, EDX, FTIR and DSC tests will be presented and discussed 
first, followed by the compression and split-disk tensile tests. The designation for the 
manufacturer, unconditioned, and conditioned samples were labeled as MFR, UC, and 
T#P#, respectively, where letter T followed by numbers 1, 2, or 3 represented tank 1 to 
tank 3, letter P followed by numbers 1, 2, 3, or 4 represented period 1 to period 4. The 
last number was used to distinguish among nominally identical specimens.  
4.1. MICROSTRUCTURE IMAGES FROM SEM TEST 
SEM images for the outer surfaces of the MFR and UC samples are displayed in 
Fig. 6 as reference. Unfilled resin holes and fiber cracks were displayed as imperfections 
due to manufacturing and sample preparation activities, respectively.  
Micro-cracks on resins and fiber/resin debondings were observed from SEM 
images for the outer surfaces of the selected conditioned samples (Fig. 7). As soaking 
time passed and ambient temperature increased, the damages generally became more 
severe. No obvious damage was observed for T1P2 besides the unfilled resin holes, while 
T2P2 showed slight fiber/resin interphase debonding and T3P2 showed micro-cracks on 
resins. Furthermore, T1P4, T2P4 and T3P4 displayed more obvious resin cracks and 
fiber/resin interphase debonding. Swelling stresses and strains generated by moisture 
absorption of the resin phase caused the resin cracks and fiber/resin interphase debonding, 
which was confirmed by the FTIR results as discussed later. Elevated temperature 
accelerated the absorption rate and further intensified the deterioration. However, the 
seawater soaking only affected a limited depth, where damages were only located in the 




region. The SEM images of the middle parts for all the selected samples demonstrated no 
obvious damages. The fiber cracks shown on the conditioned samples were due to 
polishing activities during sample preparation process, which was confirmed with EDX 
test as discussed later. 
4.2. CHEMICAL COMPOSITION FROM EDX TESTS 
The EDX results for glass fibers in the outer surfaces of the GFRP tubes for MFR, 
UC and selected conditioned samples are illustrated in Fig. 8, with weight percentage for 
each chemical element. Fiber leaching (or ion exchange) caused by absorbed moisture 
could take place on the glass fibers in this area, as shown in Eq. 1.  
                                    + -
2Si-O-Na + H O  Si-OH + Na  OH                                      (1) 
As a result, Na
+
 ions leached out from the glass structure leading to the reduced 
amount of Na
+








, which are 
typically available in the glass fiber, can also be extracted out due to the same reaction, 
and the leaching process continues as long as these ions are available in the glass 
structure [18]. FTIR results showed no decrease in the weight percentage of Na, Mg, Al 
and Ca elements for the conditioned samples. Actually, the chemical compositions of the 
glass fibers in the conditioned samples were nearly the same to those of the MFR and UC 
samples, suggesting that glass fibers at the outer surface of the GFRP tubes were barely 
affected by the seawater immersion. 
Another possible chemical corrosion for the glass fibers at the outer surfaces of 
the GFRP tubes was hydrolysis reaction by hydroxyl (OH
-
) ions from sodium hydroxide 




order to attack the glass fibers. Since EDX cannot detect OH
- 
ions, the observation of 
large amount of Na
+
 ion in the resin at the outer surface is an indication of alkali 
migration, because the OH
-
 ions have to diffuse together with Na
+
 ions to keep charge 
neutrality [19]. EDX analysis for the resin at outer surfaces area (Fig. 9) did not show any 
Na
+
 ion existed in any sample. Therefore, the polyester resin was able to protected the 
inside glass fibers by preventing the detrimental ions in the ambient seawater solution 
from seeping through. 
4.3. CHEMICAL COMPOSITION FROM FTIR TESTS 
FTIR spectra for resin at the outer surfaces of the FRP tubes from MFR, UC, and 
the selected conditioned samples are illustrated in Fig. 10. The band corresponded to OH 
group was at a wavenumber of 3438 cm
-1
 and the band corresponded to CH group located 
at a wavenumber of 2924 cm
-1
. The shapes of the spectra for all the samples were almost 
identical, resulting in the OH/CH absorbance ratios to be 1.01, 0.99, 0.95, 1.00, 1.01, 0.95, 
0.99 and 1.01 for MFR, UC, T1P2, T1P4, T2P2, T2P4, T3P2 and T3P4, respectively. The 
OH amounts of the conditioned polyester were barely changed compared to that of the 
unconditioned sample, suggesting that the moisture and low-concentrated sodium 
hydroxide from the seawater solution did not affect the polyester resin through hydrolysis 
reaction.  
4.4. THERMAL PROPERTIES FROM DSC TEST 
The Tg values for polyester at outer surfaces of the GFRP tubes from MFR, UC, 
and the selected conditioned samples are listed in Table 5. The Tg values of all the 
samples were very similar for the 1
st






 run. Therefore, the polyester at the outer surfaces of the GFRP tubes were 
not chemically affected by the seawater immersion, and the used GFRP tubes were fully 
cured during manufacturing process.  
4.5. COMPRESSION TESTS 
4.5.1. Failure Modes. All the HC-FCS cylinders failed with rupture of GFRP 
tubes followed by crush of the concrete shell (Fig. 11). The fractures of the GFRP tubes 
aligned with the winding angles of the glass fibers and the concrete shell exhibited 
columnar vertical cracks through both ends. Delamination of FRP lamina took place on 
the surfaces of the conditioned GFRP tubes, however, it was not observed on the 
unconditioned cylinders. The delamination was caused by the resin cracks and fiber/resin 
interphase debonding generated during seawater immersion, as confirmed by the SEM 
tests.  
The steel tubes were either intact, failed by local buckling near the middle height, 
or failed by elephant footing at the end. The observed damages of the steel tube were also 
reflected by the measured axial strains along the inner surfaces of the steel tube. As 
mentioned before, six strain gauges were applied on the inner surface of the steel tube 
along the longitudinal direction with two strain gauges at top, middle, and bottom area, 
respectively. The axial strains of the steel tube vs. the axial strain of the HC-FCS cylinder 
for the selected specimens, together with the pictures of the failed steel tubes, are 
displayed in Fig. 12. The flat curve represented no strain changes occurred at the selected 
location of the steel tube while the cylinder was continuously compressing, indicating 
buckling took place at spots of the steel tube other than the selected location. The 




represent top, middle, and bottom area, followed by the numbers 1 or 2 to distinguish two 
strain gauges at the same area. It can be seen from Fig. 12a that the top and bottom strain 
curves became flat while the middle strain curve kept increasing after approximately 
1.0% of the HC-FCS cylinder’s axial strain, indicating local bucking took place at the 
middle area of the steel tube. Fig. 12b showed a huge increase of the top strain curve at 
approximately 1.2% of the cylinder’s axial strain where the middle and bottom strain 
curves slightly increased, indicating elephant footing took place at the top edge of the 
steel tube.  
4.5.2. Stress Strain Behavior. The normalized stress vs. strain curves under 
compression for the representative HC-FCS cylinders from UC and tank 1 groups are 
depicted in Fig. 13. The normalized stress was calculated as the confined concrete 
strength f’cc divided by the unconfined concrete strength f’c, where the former value was 
calculated as the load carried by the annular concrete Pc divided by its cross-sectional 
area Ac, the latter value was obtained by performing the compression tests on the 
unconfined concrete cylinders. Pc was equal to the load carried by the HC-FCS cylinder 
Pt subtracted by the load carried by the steel tube Ps, assuming the FRP tube only 
provided the lateral confinement. Ps was calculated as the steel tube cross-sectional area 
As multiplied by the steel stress, which equaled to the measured average axial strains 
multiplied by the elastic modulus of the steel, i.e. 29000 ksi, and was taken as the 
measured compressive strength 72.6 ksi (Table 2) if the calculated value was greater than 
that.  
In the axial direction, most cylinders demonstrated a three-stage behavior before 




increased up to the cylinder’s maximum strength. Minor cracks occurred on the concrete 
shell, resulting in slightly reduced stiffness before reaching the cylinder’s maximum 
strength. One or two major columnar cracks developed on the concrete right after the first 
stage and the stress-strain curve exhibited a sudden drop for the second stage. Since the 
stiffness of the steel tube was higher than that of the GFRP tube, major concrete cracks 
caused the annular concrete to dilate outward, leading to the fully activation of the FRP 
tube’s confinement. Hence, the stress-strain curve went up again, showing a strain-
hardening behavior for the third stage, until multiple major columnar cracks developed 
and the FRP tube ruptured eventually. Some cylinders showed a flat or slightly 
descending branches for this stage, e.g. T1P3 and T1P4, which will be discussed later. 
The elastic modulus of the conditioned cylinders were close to that of the unconditioned 
one, reflecting that only the concrete shell and steel tube were compressed initially, and 
their elastic modulus were not affected by the seawater immersion.  
For the hoop direction, the hoop strains of the FRP tubes barely increased before 
the cylinder reached its maximum strength, and developed quickly right after that, 
confirming that the confinement of the FRP tube was not fully activated until the major 
cracks appeared on the concrete shell. The tangents of the initial ascending curves for the 
conditioned cylinders were generally smaller than that of the unconditioned one, 
indicating the elastic modulus of the conditioned FRP tubes were degraded after seawater 
soaking, especially for longer time of immersion. The less stiff FRP tube, together with 
the resin cracks and fiber/resin debonding appeared in the FRP for cylinders with longer 




less effective confinement by the FRP tube. Hence, T1P3 and T1P4 specimens showed 
almost flat or slightly descending branches for the third stage in the stress-strain curves.  
Statistical data of the maximum normalized strength, axial strain, hoop strain, and 
strength enhancement ratio Pt/(Pc+Ps) for all the HC-FCS cylinders are listed in Table 6. 
Retention values, defined as the ratio of a subject’s conditioned property to its original 
property, of each parameter are depicted in Fig. 14 for different tanks and different 
soaking time. Pt/(Pc+Ps) ratio evaluates the enhancement effectiveness of the HC-FCS’s 
axial load capacity due to the confinement of the FRP and steel tubes, by comparing the 
axial load capacity of the HC-FCS cylinder and the combination of the axial load 
capacities of the unconfined concrete and steel tube.  
As can be seen from Fig. 14, the changes of retentions of normalized strength and 
strength enhancement ratio were similar, showing continuous degradation as the soaking 
time and ambient temperature increased. The soaking time had more significant effect on 
deteriorating the cylinders’ strength than the ambient temperature. The averaged 
normalized strength and strength enhancement ratio were 0.73 and 0.68, corresponding to 
retentions of 60% and 57%, respectively, for 450 days of immersion at 140°F seawater 
temperature. The averaged f’cc/f’c and strength enhancement ratios were smaller than 1.0 
for HC-FCS cylinders with longer seawater soaking time, mainly due to the reduced 
confinement by the FRP tube possessing degraded elastic modulus, resin micro-cracks 
and fiber/resin interphase debonding. Furthermore, the concrete shell with annular shape 
was not as stable as the solid cylinder, which may lead to reduced compressive strength.  
The axial strains also showed continuous degradation as immersion time and 




temperature than the immersion time. The axial strain capacity of the conditioned HC-
FCS cylinder was 0.65%, corresponding to a retention of 63%, for 450 days of immersion 
at 140°F seawater temperature.  
The hoop strains of the HC-FCS cylinders, which also represented the rupture 
strain capacities of the FRP tubes, were improved for the first 200 days, but got reduced 
as immersion time continued at 73°F seawater temperature. The improvement was due to 
plasticization effect on the GFRP tube by the absorbed moisture, resulting in decreased 
elastic modulus and increased strain capacity for the GFRP tube. However, swelling 
stresses were formed as more moisture penetrated, causing micro-cracks and debonding 
on the resin and fiber/resin interphase, respectively, which led to reduced strain capacity. 
The elevated conditioning temperature accelerated the moisture absorption rate, making 
the resin cracks and fiber/resin interphase debonding appear sooner than the ones with 
lower ambient temperature. Thus, the hoop strains were continuously deteriorated as the 
seawater temperature increased. The hoop strain of the conditioned HC-FCS cylinder was 
0.56%, corresponding to a retention of 63%, for 450 days of seawater immersion at 
140°F ambient temperature.   
4.5.3. Energy Dissipation Capacity. As mentioned, one of the three 12 in. high 
HC-FCS cylinders in each set was conducted cyclic compression test to investigate the 
effect of seawater corrosion on cylinders’ dynamic properties. The history of energy 
dissipation capacity, defined as the area covered by each loop in the stress-strain curve, 
vs. axial strain was depicted in Fig 15, with only the first loop energy in each cyclic level 
shown in the figures. It can be seen that the conditioned cylinders dissipated more energy 




axial strain), however, consumed much less at larger strain and failed earlier as the 
seawater soaking time passed. Also, cylinders stayed in high-temperature seawater 
generally dissipated more energy but failed earlier than the ones in low-temperature 
seawater. The higher energy dissipation capacity of the conditioned cylinders compared 
to the unconditioned one resulted from the resin cracks and fiber/resin interphase 
debonding developed in the conditioned GFRP tubes, which were open and closed 
repeatedly under cyclic compression and consumed extra energy. As the conditioning 
time and temperature increased, more cracks and debonding appeared in the GFRP tubes. 
No clear relation can be found between the dissipated energy and seawater soaking time, 
probably due to the limited number of available test specimens.        
4.6. SPLIT-DISK TENSILE TESTS 
Split-disk tensile tests were conducted on GFRP rings cut from each 9 in. high 
GFRP tubes and the maximum strengths and strains were listed and depicted in Table 7 
and Fig. 16. The strengths of the GFRP rings were continuous degraded as the cylinders 
stayed in the seawater tank, and were further deteriorated with elevated temperatures. The 
maximum strains, as expected, demonstrated similar trends to the hoop strains of the HC-
FCS cylinders. The measured average strength and strain of the GFRP rings was 17.83 
ksi and 0.88, corresponding to retentions of 83% and 53%, respectively, for 450 days of 
conditioning at 140°F ambient temperature.  
4.7. SERVICE LIFE PREDICTION 
The long-term mechanical properties of a material can be predicted based on 




conditioned in an aqueous environment with at least three elevated temperatures; second, 
the changes of the mechanical property of the material mush be obtained at a minimum of 
three time periods during conditioning; and the last, the elevated temperature cannot 
approach the glass transition temperature of the material [20]. The accelerated 
conditioning experiment in this study met all those requirements, and the service life 
prediction curve of the HC-FCS cylinders can be generated for any service temperature 
and time periods, based on the axial load capacity data obtained from the compression 
tests. The sea area near San Francisco with 55°F annually average sea temperature was 
selected as an example and the prediction curve was depicted in Fig. 17. According to the 
equation of the trending line, the strength retentions of the HC-FCS columns at 50 and 
100 years in that area were estimated to be 59% and 55%, and the service years to reach 
50% of the original strength capacity was estimated to be 148 years. Compared with the 
ACI 440.2R standard, where an environmental reduction factor of 0.65 is recommended 
for GFRP composite at exterior exposure condition, the prediction in this study is slightly 
less conservative.  
4.8. COMPARISON WITH CONCRETE-FILLED FRP TUBE (CFFT) 
As mentioned before, the seawater tank used in this experiment contained both 
CFFT and HC-FCS cylinders, and the CFFT cylinders went through the same procedures 
and tests as the HC-FCS cylinders discussed in this paper. The outer diameter of the 
CFFT cylinders was 6.6 in. and the height was also 12 in, with the same GFRP and SCC 
materials as the HC-FCS cylinders. The detailed results and discussion about the CFFT 
cylinders can be found in the authors’ another paper. Key results are listed in Table 8 




The normalized strength retention at 450 days with 140ᵒF temperature and the 
strength retention prediction at 50 years are 60% and 59% for HC-FCS cylinders, 
respectively, which were smaller than 72% and 88% for CFFT cylinders, respectively. 
The axial strain retention for HC-FCS cylinders was 63%, which was slightly smaller 
than 66% for CFFT cylinders. The hoop strain retention, however, was 63% for HC-FCS 
cylinders, which was much greater than 28% for CFFT cylinders. The concrete shell in 
the HC-FCS cylinders failed with multiple columnar vertical cracks, leading to evenly 
distributed lateral load on the FRP tube, while the lateral load applied on the FRP tube in 
CFFT cylinders was more localized, due to only one major crack developed in its 
concrete core. Hence, the HC-FCS cylinders developed higher hoop strains in average 
than CFFT cylinders did.   
Compared to the CFFT cylinder having solid core, the HC-FCS cylinder with 
hollow core possesses reduced mass, and hence, the advantage of reduced seismic effect. 
Accordingly, the HC-FCS cylinder must sacrifice some properties, i.e. less durable axial 
strength and strain, to compensate for the reduced mass. Therefore, the CFFT cylinder is 
recommended to use in low seismic zone, while the HC-FCS cylinder is recommended 
for high seismic zone.  
 
5. SUMMARY AND CONCLUSIONS 
This study presented the durability investigation of HC-FCS cylinders subjected 
to seawater corrosion and sustained axial load for up to 450 days with three different 
elevated temperatures. Compression and split-disk tensile tests were conducted on the 




addition, SEM, EDX, FTIR and DSC tests were performed on GFRP material to detect 
physical, chemical or thermal properties’ changes. Several conclusions can be drawn 
below based on the results and discussion from this study: 
1. Long-term seawater immersion of HC-FCS cylinders caused resin cracks and 
fiber/resin interphase debonding on the GFRP tubes, due to the swelling stresses 
generated by the absorbed moisture. No chemical reaction took place on the GFRP tube 
with seawater immersion. 
2. Seawater corrosion did not affect the elastic modulus of HC-FCS cylinders in 
the axial direction. However, plasticization effect on the GFRP tubes slightly degraded 
the elastic modulus of the cylinders in the hoop direction.  
3. The normalized strengths, axial strengths and strength enhancement ratios of 
the conditioned HC-FCS cylinders were continuous degraded as the immersion time and 
ambient temperature increased, with retentions of 60%, 63%, and 57%, respectively, for 
450 days of conditioning at 140ᵒF ambient temperature.  
4. The hoop strains of the conditioned HC-FCS cylinders were increased initially 
due to moisture plasticization, but soon got reduced due to resin cracks and fiber/resin 
interphase debondings developed in the GFRP, caused by the swelling stresses in the 
resin when additional moisture was absorbed by the GFRP tube. This trend of changes 
switched to continuous degradation as the conditioning temperature increased, where the 
elevated temperature increased the moisture absorption rate of the GFRP and cracks and 
debondings appeared earlier in the GFRP tube. Similar results were observed for the 




5. The conditioned HC-FCS specimens dissipated more energy than the 
unconditioned cylinders within small strain range due to the existed resin cracks and 
fiber/resin interphase debondings. They dissipated less energy and failed earlier than the 
unconditioned ones as the immersion time and ambient temperature increased.  
6. The strength retentions of the HC-FCS columns at 55ᵒF seawater temperature 
were predicted to be 59% and 55% for 50 and 100 years of service, respectively, based on 
Arrehnius model. The service life to reach 50% of strength retention was estimated to be 
148 years.  
7. When compared with CFFT cylinders fabricated with the same materials, the 
HC-FCS cylinders had the advantages in reducing the seismic effect due to reduced mass, 
but also sacrificed the durability of axial strength and strain capacity at the same time. 
Future studies may use low-strength concrete instead of high-strength concrete to 
achieve better confinement effect by the FRP tube, and more specimens are 
recommended for the cyclic compression test, which were beyond the scope of this study.  
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Figure 5. Samples for SEM and EDX tests 
 
 
     



















   Figure 7. SEM images for the outer surfaces of the selected conditioned samples (X250 





























      
     
       Figure 8. EDX analysis for glass fibers at outer surfaces of the GFRP tubes 
 
 
    
     
     Figure 9. EDX analysis for resin at outer surfaces of the GFRP tubes 
UC outer fiber
C          3.41%
O          36.65%
Na         0.42%
Mg        1.21%
Al          9.01%
Si          31.50%
Ca         17.43%
T1P4 outer fiber
C          2.56%
O          37.13%
Na         0.57%
Mg        1.20%
Al          8.85%
Si          32.90%
Ca         16.78%
T2P4 outer fiber
C          2.02%
O          35.17%
Na         0.45%
Mg        1.19%
Al          9.02%
Si          33.85%






C          2.48%
O          36.05%
Na         0.43%
Mg        1.14%
Al          8.93%
Si          33.45%
Ca         17.52%
UC outer resin
C          78.71%
O          20.04%
Si          1.25%
T1P4 outer resin
C          76.32%
O          22.73%
Si          0.96%
T2P4 outer resin
C          77.72%
O          21.07%






C          79.63%
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Figure 14.  Retentions of properties of the conditioned HC-FCS cylinders for different 


























Tank 1 (73 F)
Tank 2 (95 F)

















Tank 1 (73 F)
Tank 2 (95 F)



















Tank 1 (73 F)
Tank 2 (95 F)

















Tank 1 (73 F)
Tank 2 (95 F)





































































































































Tank 1 (73 F)
Tank 2 (95 F)



















Tank 1 (73 F)
Tank 2 (95 F)



















































Manufacturer  8.45 0.125 9800 2500 - 40000 3300 - 
*
 Dof = outer diameter; tf = wall thickness; fL and fH = ultimate tensile strength in 
longitudinal and hoop directions, respectively; EL and EH = elastic modulus in 
longitudinal and hoop directions, respectively; εL and εH = failure strain in longitudinal 
and hoop directions, respectively. 
 
 









72.6 117.3 1.40 29000 
            * Behavior controlled by local steel buckling 
 
 
Table 3. SCC mixture proportions 

























        *
Units are lb/yd
3
.     
     
* *
HRWRA: high range water reducer admixture; VEA: viscosity enhancing admixture. 
 
 
Table 4. Soaking time for HC-FCS cylinders in each tank 
Days 1st period 2nd period 3rd period 4th period 
Tank 1 (73°F) 90 196 297 450 
Tank 2 (95°F) 93 200 300 450 




Table 5. Tg of the polyester at the outer surfaces of the GFRP tubes 
Sample MFR UC T1P2 T1P4 T2P2 T2P4 T3P2 T3P4 
Tg (°C) 
1st Run 133.4 133.2 133.3 133.5 133.8 132.9 133.4 133.2 


































Average 1.21 1.03 0.89 1.20 
COV 11% 9% 37% 11% 
Retention 100% 100% 100% 100% 
T1P1 
Average 1.12 1.01 0.98 1.10 
COV 6% 8% 1% 6% 
Retention 93% 98% 109% 92% 
T1P2 
AVERAGE 1.04 0.98 1.07 1.04 
COV 4% 2% 10% 4% 
Retention 86% 95% 120% 87% 
T1P3 
AVERAGE 0.94 0.94 0.88 0.91 
COV 6% 2% 14% 2% 
Retention 78% 92% 98% 76% 
T1P4 
AVERAGE 0.90 0.89 0.79 0.91 
COV 3% 4% 6% 2% 
Retention 74% 86% 89% 76% 
T2P1 
Average 1.10 0.95 0.93 1.08 
COV 3% 27% 28% 3% 
Retention 91% 92% 104% 90% 
T2P2 
AVERAGE 0.98 0.88 0.95 0.96 
COV 6% 18% 20% 6% 
Retention 82% 85% 106% 81% 
T2P3 
AVERAGE 0.89 0.81 0.77 0.86 
COV 9% 13% 16% 8% 
Retention 74% 78% 86% 72% 
T2P4 
AVERAGE 0.79 0.74 0.66 0.77 
COV 6% 8% 22% 6% 
Retention 65% 72% 73% 64% 
T3P1 
Average 1.08 0.90 0.87 1.06 
COV 3% 6% 10% 3% 
Retention 89% 88% 97% 88% 
T3P2 
AVERAGE 0.95 0.80 0.84 0.92 
COV 5% 6% 18% 5% 
Retention 78% 78% 94% 76% 
T3P3 
AVERAGE 0.85 0.70 0.65 0.81 
COV 8% 8% 6% 8% 
Retention 70% 68% 73% 68% 
T3P4 
AVERAGE 0.73 0.65 0.56 0.68 
COV 6% 9% 28% 5% 





Table 7. Statistical data for properties of GFRP rings under tention 
Specimen Maximum Strength (ksi) Maximum Strain (%) 
UC 
Average 21.35 1.66 
COV 2% 16% 
Retention 100% 100% 
T1P1 
Average 20.66 1.88 
COV 5% 12% 
Retention 97% 113% 
T1P2 
Average 19.86 1.83 
COV 5% 12% 
Retention 93% 111% 
T1P3 
Average 19.42 1.47 
COV 2% 14% 
Retention 91% 89% 
T1P4 
Average 18.69 1.27 
COV 5% 10% 
Retention 88% 77% 
T2P1 
Average 20.16 1.66 
COV 2% 10% 
Retention 94% 100% 
T2P2 
Average 19.65 1.55 
COV 9% 7% 
Retention 92% 94% 
T2P3 
Average 19.23 1.33 
COV 4% 3% 
Retention 90% 80% 
T2P4 
Average 18.20 1.07 
COV 5% 2% 
Retention 85% 65% 
T3P1 
Average 19.86 1.52 
COV 13% 18% 
Retention 93% 92% 
T3P2 
Average 19.47 1.41 
COV 10% 5% 
Retention 91% 85% 
T3P3 
Average 18.95 1.21 
COV 3% 7% 
Retention 89% 73% 
T3P4 
Average 17.83 0.88 
COV 8% 8% 




Table 8. Comparison of the durability properties between HC-FCS and CFFT cylinders 
Cylinder 
type 
Property retention at 450 











HC-FCS 60% 63% 63% 59% 

























3. SUMMARY, CONCLUSION AND RECOMMENDATIONS 
3.1. SUMMARY OF RESEARCH WORK 
The purpose of this research was to experimentally investigate the durability of 
two types of FRP confined concrete cylinders subjected to various environmental 
conditions while under sustained axial load. The research work involved three phases.  
In the first phase, polyester-based CFFT and HC-FCS cylinders were subjected to 
freeze/thaw, wet/dry and heating/cooling cycles in 72 days, with half of the cylinders in 
the environmental chamber applied by the sustained axial load. The specimens were 
conducted mechanical tests, including compression and split-disk tensile tests, and 
material characterization tests, including SEM, EDX, FTIR and DSC tests, to evaluate 
any degradation after the conditioning was finished.  
In the second phase, epoxy-based CFFT cylinders were subjected to freeze/thaw, 
wet/dry and heating/cooling cycles in 72 days, with options of continuous water 
immersion and sustained axial load. The specimens were conducted mechanical tests, 
including compression and split-disk tensile tests, and material characterization tests, 
including SEM, EDX, and FTIR tests, to evaluate any degradation after the conditioning 
was finished. 
In the third phase, polyester-based CFFT and HC-FCS cylinders were placed 
inside three water tanks filled with simulated seawater at three different elevated 
temperatures. Cylinders were subjected to sustained axial load during seawater 




specimens were taken out of the tank after certain time periods. The specimens were 
conducted mechanical tests, including compression and split-disk tensile tests, and 
material characterization tests, including SEM, EDX, DSC and FTIR tests, to evaluate 
any degradation after each certain time period. 
3.2. CONCLUSIONS 
The following section summarizes the conclusions from the durability of CFFT 
and HC-FCS cylinders subjected to combined environmental conditions and seawater 
immersion. 
3.2.1. Combined Environmental Conditions on Polyester –Based CFFT and 
HC-FCS. This phase presented the experimental study on the performance of CFFT and 
HC-FCS cylinders subjected to combined freeze/thaw, wet/dry and heating/cooling 
cycles while under sustained axial loading. Based on the test results, several conclusions 
can be drawn and shown as below: 
 The concrete pore solution inside the GFRP tube causes fiber/resin interphase 
debonding, but only limited to the near-edge fibers. Moisture and temperature 
changes in the surrounding environment do not affect the concrete-FRP bond 
significantly, and the extra sustained load on the CFFT and HC-FCS cylinder help 
improve the contact between the concrete and the FRP tube. 
 Combined freeze/thaw, wet/dry and heating/cooling cycles barely affect the 
strength and stiffness of the CFFT and HC-FCS cylinders, but can deteriorate the 
axial and hoop strain significantly. Similar changes can be found on the outer 




fiber/resin interphases which resulted from different deformation between fibers 
and resins upon moisture and temperature change in the environment.  
 The sustained axial load on the CFFT and HC-FCS cylinders can further 
deteriorate the strain capacity of cylinders and the associated GFRP tubes, due to 
the micro-cracks generated among the resin. The sustained axial load forces the 
concrete core to expand outward and applies radial pressure on the GFRP tube, 
thus leads to the micro-cracks on the resin phase of the GFRP tube. However, the 
sustained axial load does not affect the strength of the cylinders significantly.  
 Freeze/thaw, wet/dry, and heating/cooling cycles can degrade the energy 
dissipation capacity of the CFFT and HC-FCS cylinders by embrittling the GFRP 
tube and induced micro-cracks among the resin phase.  
 Based on the negligible strength degradation of the loaded CFFT and HC-FCS 
cylinders subjected to the simulated environmental conditions, the CFFTs and 
HC-FCS in this study are estimated to be used as bridge columns in the Midwest 
for at least 20 years without any major repair. 
3.2.2. Combined Environmental Conditions on Epoxy –Based CFFT. This 
phase has presented the results of an experimental study on the performance of CFFT 
cylinders subjected to combined freeze/thaw, wet/dry and heating/cooling cycles with 
additional sustained axial load and continuous water immersion conditions. Based on the 
test results, several conclusions can be drawn and shown as below: 
 Combined freeze/thaw, wet/dry and heating/cooling cycles barely degrade the 




 Continuous water immersion during environmental conditioning slightly 
deteriorates the strength and axial strain of the CFFT. The volume of the absorbed 
moisture in the epoxy resin is expanded once the moisture is frozen during wet 
freeze/thaw cycles. Also the absorbed moisture causes swelling stress among the 
resin and fiber/resin interphase. Both mechanisms attribute to the further 
mechanical properties degradation of the CFFT cylinders. 
 The sustained axial load on the CFFT cylinders during environmental 
conditioning also further deteriorate the strength and axial strain capacities of the 
CFFT cylinders, but to a very limited range for the GFRP tubes used in this 
experiment. 
 The changes of the mechanical properties of the GFRP rings share the similar 
trend with that for the CFFT cylinders.  
 The conditioned CFFTs dissipate more energy than the unconditioned ones under 
cyclic compression, due to the repeated opening and closing of the micro-cracks 
among the epoxy of the GFRP tubes. Those micro-cracks are generated due to the 
embrittleness of the GFRP after freeze/thaw cycles and the absorbed moisture if 
the CFFTs are immersing in the water.  
 The environmental reduction factor for the tested CFFTs is estimated to be 0.9 for 
bridge columns built in the Midwest of the United States for a 20-year service 
period. 
3.2.3. Seawater Immersion of Polyester –Based CFFT and HC-FCS. 




FCS cylinders subjected to accelerated seawater corrosion at different elevated 
temperatures under sustained axial load. The following observations can be made: 
 Seawater immersion did not affect the GFRP tube chemically, i.e., no hydrolysis 
reaction occurred on both glass fibers and polyester resins. However, the absorbed 
moisture plasticized the GFRP and caused micro-cracks in the resin and 
debonding between fiber/resin interphase due to swelling stresses. No obvious 
damage was observed for glass fibers.  
 Seawater corrosion did not affect the elastic modulus of CFFT and HC-FCS 
cylinders in the axial direction. However, plasticization effect on the GFRP tubes 
slightly degraded the elastic modulus of the cylinders in the hoop direction.  
 As seawater immersion time passed, the maximum normalized strength and 
maximum axial strain capacity of the CFFT and HC-FCS cylinders were degraded 
continuously. The hoop strain capacity increased at early age due to moisture 
plasticization effect, but was soon deteriorated dramatically at later age due to 
resin cracks and fiber/resin interphase debonding resulted from swelling stresses. 
This trend of changes switched to continuous degradation as the conditioning 
temperature increased, where the elevated temperature increased the moisture 
absorption rate of the GFRP and cracks and debondings appeared earlier in the 
GFRP tube. Similar results were observed for the split-disk tensile tests on the 
GFRP rings.  
 The conditioned CFFT and HC-FCS specimens dissipated more energy than the 
unconditioned cylinders within small strain range due to the existed resin cracks 




earlier than the unconditioned ones as the immersion time and ambient 
temperature increased.  
 Based on the prediction curve of the normalized strength retention obtained from 
Arrhenius law, the CFFT bridge columns built in marine environment at San 
Francisco, USA, are estimated to be degraded by 12% and 14% 50-year and 100-
year service life, respectively, in normalized strength. The HC-FCS cylinders 
built in the same area are degraded by 41% and 45% for 50 and 100 years, 
respectively. The environmental reduction factor from ACI 440.2R-08 for the 
similar scenario is conservative compared to the prediction retention obtained in 
this study.   
3.3. RECOMMENDATIONS 
Based on the results of this study, epoxy-based CFFT cylinders demonstrate best 
durability ability when subjected to combined environmental conditions, on both strength 
and strain capacities. While polyester-based CFFT and HC-FCS cylinders subjected to 
the same aggressive environment are also durable in strength, but are degraded 
significantly in strain capacity. Considering the cost and in case seismic resistance is not 
in high demand, both polyester-based CFFT and HC-FCS are preferred because they are 
more economy competitive, where HC-FCS is more advantageous in reducing the 
seismic effect due to its reduced weight. For bridges built near marine area, polyester-
based CFFT demonstrates advantageous durability in strength and axial strain capacities, 
but is less durable in hoop strain capacity, compared to polyester-based HC-FCS. In order 
to provide a better solution for different scenario, the following research is recommended 




 The durability of epoxy-based CFFT and HC-FCS subjected to long-term 
seawater immersion is needed to consider the application near the marine area. 
 FRP tubes with 0° degree fiber orientation with respect to the hoop direction are 
recommended to use for future durability research work. The angle-ply laminates 
cause large variation when testing the strain capacity, especially for the hoop 
strain, and the unidirectional FRP tube should provide much consistent results.  
 Due to the time-consuming nature of the durability experiment, especially for the 
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Figure 7. Water tank freezing inside the environmental chamber 
 
 







ACI (2007). "Report on Fiber-Reinforced Polymer (FRP) Reinforcement for Concrete 
Structures." ACI 440R-07Farmington Hills, MI. 
Athijayamani, A., Thiruchitrambalam, M., Natarajan, U., and Pazhanivel, B. (2009). 
"Effect of moisture absorption on the mechanical properties of randomly oriented 
natural fibers/polyester hybrid composite." Materials Science and Engineering: A, 
517(1), 344-353. 
Bank, L. C., Gentry, T. R., and Barkatt, A. (1995). "Accelerated Test Methods to 
Determine the Long-Term Behavior of FRP Composite Structures: Environmental 
Effects." Journal of Reinforced Plastics and Composites, 14(6), 559-587. 
Boumarafi, A., Abouzied, A., and Masmoudi, R. (2015). "Harsh environments effects on 
the axial behaviour of circular concrete-filled fibre reinforced-polymer (FRP) tubes." 
Composites Part B: Engineering, 83, 81-87. 
Chen, Y., Davalos, J. F., Ray, I., and Kim, H. Y. (2007). "Accelerated aging tests for 
evaluations of durability performance of FRP reinforcing bars for concrete structures." 
Composite Structures, 78(1), 101-111. 
Chin, J. W., Nguyen, T., and Aouadi, K. (1999). "Sorption and Diffusion of Water, Salt 
Water, and Concrete Pore Solution in Composite Matrices." Journal of Applied 
Polymer Science, 71(3), 483-492. 
De'Nève, B., and Shanahan, M. E. R. (1993). "Water absorption by an epoxy resin and its 
effect on the mechanical properties and infra-red spectra." Polymer, 34(24), 5099-
5105. 
Dutta, P. K. (1988). "Structural fiber composite materials for cold regions." Journal of 
Cold Regions Engineering, 2(3), 124-134. 
Dutta, P. K., and Hui, D. (1996). "Low-temperature and freeze-thaw durability of thick 
composites." Composites Part B: Engineering, 27(3), 371-379. 
El-Hacha, R., Green, M. F., and Wight, G. R. (2010). "Effect of Severe Environmental 
Exposures on CFRP Wrapped Concrete Columns." Journal of Composites for 
Construction, 14(1), 83-93. 
El-Zefzafy, H., Mohamed, H. M., and Masmoudi, R. (2013). "Evaluation Effects of the 
Short- and Long-Term Freeze-Thaw Exposure on the Axial Behavior of Concrete-




Fam, A., Kong, A., and Green, M. F. (2008). "Effects of freezing and thawing cycles and 
sustained loading on compressive strength of precast concrete composite piles." PCI 
Journal, 53(1), 109-120. 
Ferguson, T. P., and Qu, J. (2006). "Elastic modulus variation due to moisture absorption 
and permanent changes upon redrying in an epoxy based underfill." IEEE 
Transactions on Components and Packaging Technologies, 29(1), 105-111. 
Hollaway, L. C. (2010). "A review of the present and future utilisation of FRP 
composites in the civil infrastructure with reference to their important in-service 
properties." Construction and Building Materials, 24(12), 2419-2445. 
Karbhari, V. M. (2003). "Durability of FRP composites for civil infrastructure - Myth, 
mystery and reality." Advances in Structural Engineering, 6(3), 243-255. 
Karbhari, V. M., Murphy, K., and Zhang, S. (2002). "Effect of concrete based alkali 
solutions on short-term durability of E-glass/vinylester composites." Journal of 
Composite Materials, 36(17), 2101-2121. 
Karbhari, V. M., Rivera, J., and Dutta, P. K. (2000). "Effect of Short-Term Freeze-Thaw 
Cyclingon Composite Confined Concrete." Journal of Composites for Construction, 
4(4), 191-197. 
Kshirsagar, S., Lopez-Anido, R. A., and Rakesh, K. G. (2000). "Environmental Aging of 
Fiber-Reinforced Polymer-Wrapped Concrete Cylinders." Materials Journal, 97(6). 
Le Duigou, A., Davies, P., and Baley, C. (2013). "Exploring durability of interfaces in 
flax fibre/epoxy micro-composites." Composites Part A: Applied Science and 
Manufacturing, 48, 121-128. 
McBagonluri, F., Garcia, K., Hayes, M., Verghese, K. N. E., and Lesko, J. J. (2000). 
"Characterization of fatigue and combined environment on durability performance of 
glass/vinyl ester composite for infrastructure applications." International Journal of 
Fatigue, 22(1), 53-64. 
Ray, B. C. (2006). "Temperature effect during humid ageing on interfaces of glass and 
carbon fibers reinforced epoxy composites." Journal of Colloid and Interface Science, 
298(1), 111-117. 
Robert, M., and Benmokrane, B. (2013). "Combined effects of saline solution and moist 
concrete on long-term durability of GFRP reinforcing bars." Construction and 
Building Materials, 38, 274-284. 
Robert, M., and Fam, A. (2012). "Long-Term Performance of GFRP Tubes Filled with 





Schutte, C. L. (1994). "Environmental durability of glass-fiber composites." Materials 
Science and Engineering R, 13(7), 265-323. 
Silva, M. A. G., Cidade, M. T., Biscaia, H., and Marreiros, R. (2014). "Composites and 
FRP-Strengthened Beams Subjected to Dry/Wet and Salt Fog Cycles." Journal of 
Materials in Civil Engineering, 26(12), 04014092. 
Soles, C. L., and Yee, A. F. (2000). "Discussion of the molecular mechanisms of 
moisture transport in epoxy resins." Journal of Polymer Science, Part B: Polymer 
Physics, 38(5), 792-802. 
Toutanji, H. A., and El-Korchi, T. (1999). "Tensile Durability of Cement-Based FRP 
Composite Wrapped Specimens." Journal of Composites for Construction, 3(1), 38-45. 
Zaman, A., Gutub, S. A., and Wafa, M. A. (2013). "A review on FRP composites 
applications and durability concerns in the construction sector." Journal of Reinforced 






Song Wang was born in Qingdao, China. He received his bachelor of Civil 
Engineering degree in 2010 from Shandong University of Science and Technology with 
excellent graduates and national scholarship. After graduating with a bachelor’s degree, 
he did a three-month intern at Qingdao Architectural Design Institute Group Corp,. LTD., 
working on residential building design. He received his master of science in Civil 
Engineering degree in 2012 from the State University of New York at Buffalo. In May 
2018, he received his doctor of philosophy (Ph.D) from Missouri University of Science 
and Technology in Civil Engineering. 
